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      During oogenesis of Drosophila, one group of cells called border cells delaminate 
from the anterior epithelium and migrate to the oocyte in a stereotypic way.  Border 
cells provide a good system to study cell migration in vivo due to their genetic 
tractability. arc-p34 was isolated from a border cell mutant clone screen due to its 
strong effect on border cell migration. arc-p34 encodes the Drosophila homolog of 
mammalian ARPC2, a component of Arp2/3 complex. When the level of various 
Arp2/3 components is reduced by RNAi, many border cell clusters fail to initiate the 
migration. If they initiate migration, these border cell clusters move much slower at 
first, but migrate normally later, suggesting distinct mechanisms differentially depend 
on Arp2/3.  Single cell tracking shows that Arp2/3-impaired border cells are still 
motile, but show less directional movement. Thus Arp2/3 may be acting upstream or 
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1.1 Cell migration 
          Cell migration is a defining feature of animal cells (Pollard and Cooper 2009), 
which is crucial for both single cellular organisms and multicellular organisms. Single 
cell organisms migrate to reach nutrients and to escape from dangers, as well as to 
facilitate dispersal. In multicellular organism, cell migration is required for embryonic 
morphogenesis, wound healing and immune surveillance (Pollard and Borisy 2003). 
        One of the earliest examples of migration in development is gastrulation (Montero 
and Heisenberg 2004). During gastrulation, large groups of cells migrate collectively as 
sheets to form three embryonic layers: ectoderm, mesoderm, and endoderm. Subsequent-
ly, cells migrate out from various epithelial layers to specific location. Interactions with 
new microenvironment induce them to differentiate to form the specialized cells that 
make up different tissues and organs.  
         In vertebrates, after gastrulation, neural crest cells are specified at the border of the 
neural plate and the non-neural ectoderm. The neural crest is a population of migrating, 
pluripotent cells which appears transiently in the dorsal neuroectoderm. During 
neurulation, the borders of the neural plate converge at the dorsal midline to form the 
neural tube. Subsequently, neural crest cells from the roof plate of the neural tube 
undergo an epithelial to mesenchymal transition (EMT), delaminating from the 
neuroepithelium and migrating as loosely associated strands or streams throughout the 
entire embryo and give rise to different tissues, including craniofacial bones and 
cartilage, the enteric and peripheral nervous systems and pigment cells. 
        Migration is also a prominent component of tissue repair and immune surveillance. 
In the renewal of skin and intestine, fresh epithelial cells migrate up from the basal layer 




and the crypts, respectively. A simple in vitro model of this is process is the scratch assay 
which has been used extensively to study cell migration in tissue repair in vitro. This 
assay involves creation of a new artificial gap, by scratching a confluent cell monolayer. 
Shortly after the generation of the “scratch” gap, the rows of cells on the edge of the gap 
will reorient and polarized themselves followed by a collective migration of the whole 
sheet of cells in a direction perpendicular to the wound edge. Finally new cell–cell 
contacts are established again and the “scratch” opening is closed. The unoccupied space 
might be used as a spatial signal to guide the migration.   
          All white blood cells (WBC) are known as leukocytes, the major players in 
immune surveillance. Leukocytes are not tightly associated with a particular organ or 
tissue, which allows them to move freely, similar to independent, single-celled 
organisms. During an immune response, leukocytes from the circulation migrate into the 
surrounding tissue to destroy invading microorganisms and infected cells and to clear 
debris (Peri 2010). 
       Migration also contributes to pathological conditions such as tumor metastasis, 
vascular disease and chronic inflammatory disorders (Pals et al., 1989). The most deadly 
aspect of cancer is its ability to spread, or metastasize. Metastasis refers to the process by 
which malignant cells break off from primary tumor and travel to other parts of the body. 
To begin the process of metastasis, a malignant cell must first break away the adhesion 
both to surrounding cells and extracellular matrix. Cancer cells release enzymes called 
metalloproteinases (MMPs) to dissolve basement membranes and other extracellular 
matrices (Roy et al. 2009; Groblewska et al., 2010; Kessenbrock et al., 2010), allowing 
its penetration of surrounding tissues. Once a cancer cell has detached, it invades the 




surrounding tissue and makes its way into blood or lymphatic vessels, so giving the 
cancer cells access to other parts of the body. Once at a new site, the cells must again 
penetrate the basement membrane of the blood vessel and colonize in the new tissue (Pals 
et al., 1989). Metastasized tumors usually indicate a later stage disease, and treatment 
becomes more difficult with poorer outcomes.  Metastasis is a complicated process and 
the underlying mechanisms are not completely understood.  Therefore, understanding the 
fundamental mechanisms underlying cell migration is essential for effective therapeutic 
approach for treating disease.  
1.2 Chemotaxis 
       The overall migration speed is dependent on both the linear movement speed and the 
extent to which that movement is in a persistent direction (Lauffenburger and Horwitz 
1996). To move in a specific direction, a cell must be guided and often in the absence of a 
guidance cue, motile cells will migrate randomly. Motile cells are able to sense 
extracellular signals from their environment and direct their movement along the 
concentration gradient of these signals. This process is called chemotaxis (Figure 1.1). 
Substances that induce a chemotactic response are known as chemoattractants. 
Chemotaxis is positive if cells move towards a higher concentration of a chemical, and 
negative if the direction is opposite. Chemotaxis is used by bacteria to find nutrients (for 
example, glucose) by swimming towards the highest concentration of nutrients 
molecules, or to escape from poisons (for example, phenol). In multicellular organisms, 
chemotaxis is critical to early (e.g. movement of sperm towards the egg during 
fertilization) and subsequent phases of development (e.g. migration of neurons or 
lymphocytes) as well as in normal function (Stephens et al. 2008).  Chemotaxis is often 




essential for cell survival in development, as cells that failed to reach their expected 
destination on time die. It is also a highly sensitive mechanism, as eukaryotic cells are 
able to sense concentration gradients as shallow as a 2-10% difference (Parent and 
Devreotes 1999; Firtel and Chung 2000).   
 
Figure 1.1 Function of chemokines is to induce cell migration. Cells will move toward the 
direction of increment of continuous chemokine concentration gradient. In other 
words, cells migrate toward the source of chemokine.  
 
 
1.3 Protrusions in migrating cells 
          Directed cell migration is a cyclical process often characterized in four steps 
(Figure 1.2A): protrusion of the front membrane extension; adhesion formation and 
stabilization at the extended extension; adhesion sites serve as tractions sites for acto–
myosin-based contraction, which pulls the cell body forward; and disassembly of 
adhesion sites at the cell rear. Continuous directed cell migration requires balanced 
adhesions formation at the leading edge and disassembly of adhesion at the trailing edge. 
In eukaryotes, the outcome of perceiving signal gradient is the protrusion of cell 
membrane at the leading edge. Cellular protrusions can range from large flat sheets of 
lamellipodia or spike-like filopodia (Figure 1.2 B). Lamellipodia provide the major force 




to push the membrane forward at the leading edge, while filopodia are responsible for 
detecting extracellular chemoattractants.  As a cell migrates through a gradient of 
chemoattractant, the polarity of the cell increases (Parent and Devreotes 1999). The 
leading edge becomes more sensitive to chemoattractant, while the formation of lateral 
protrusions is suppressed.  Cell migration is critically dependent on this localized 
signaling (Jekely and Rorth 2003). 
 
 
Figure 1.2 Migrating cell send out lamellipodia and filopodia. A. migrating cell is 
characterized with a front and a back. Actin polymerization at the front pushes the 
membrane forward. Cell-substratum adhesion assembly at the front and 
disassembly at the trailing tail are coordinated.   From Nature Reviews Molecular 
Cell Biology. B. Two fluorescently-labeled growth cones. The growth cone (green) 
on the left is an example of a “filopodial” growth cone, while the one on the right is 
a “lamellipodial” growth cone. From Gordon-Weeks, P. R. 2005.  
 
 
1.4 Actin Biochemistry  
       The dominant structural components of protrusions are actin filaments, which are 
arranged in networks in lamellipodia and bundles in filopodia. Formation and extension 
of lamellipodia is driven by assembly of  actin networks (Figure 1.2A) (Bugyi and Carlier 
2010). The core constituent of the actin cytoskeleton is the actin filaments, which are 
formed from double helical polymers of globular actin (G-actin). G-actin is a 43-kDa 




ATPase that can assemble into filamentous actin (F-actin) via catalyzing ATP hydrolysis. 
ATP hydrolysis by actin is coupled closely with polymerization and regulates the 
assembly and disassembly of actin filaments. G-actin is able to assembly at both ends of 
one actin filament at different rates (Pollard 1986). Actin filaments are polarized with a 
fast growing barbed end and a slow growing pointed end. In protrusions, actin filaments 
are oriented with the barbed end toward membrane (Small et al. 1978) allowing the rapid 
growth at the barbed end drives protrusion of cell membrane and thus cell motility 
(Pollard et al. 1982).    
         Actin remodeling has an essential role in various processes, including cell 
migration, endocytosis, vesicle trafficking and cytokinesis (Goley and Welch 2006). 
Many of them are essential for the survival of the cell; therefore general loss of actin has 
lethal effect. To study actin function in a specific process in a certain tissue, we need to 
modulate tissue specific regulators of actin to avoid early lethality. 
 
1.5 Biological processes that depend on actin 
Actin filaments as part of the cytoskeleton 
     The actin cytoskeleton is responsible for the mechanical support and geometry of cells 
(Figure 1.3A), which are important for their functions.  
 




Figure 1.3 Actin is important for various processes. A. Actin cytoskeleton structures (in red) 
in fibroblast cells.   B. Budding yeast (Saccharomyces cerevisiae) expressing a 
actin patch protein Abp1::GFP. C. Listeria monocytogenes (in red) are 
polymerizing host cell actin into comet tails (in green) to push them across the 
cytoplasm. Inset in C shows magnified Listeria. From (Pollard and Berro 2009) 
  
Clathrin-dependent endocytosis  
        In yeast, “actin patches” are formed at sites of endocytosis on plasma membrane 
(Figure 1.3B). Assembly of actin filaments at these sites facilitates the clathrin-mediated 
internalization of endocytic vesicles and subsequent intracellular transportation. 
Bacterial assembly of actin rich comet tails 
     The intracellular “rocketing” motility of Listeria shows links between movement and 
actin polymerization (Figure 1.3 C) (Tilney et al. 1992). After invading the host cell, 
Listeria utilizes the motility machinery of the host cells to assemble a comet tail of actin 
filaments. Continuous assembly of actin filament at tail pushes them through cytoplasm 
(Dramsi and Cossart 1998). Accumulated evidence showed that viruses (Frischknecht et 
al. 1999), endosomes (Merrifield et al. 1999) and vesicles (Rozelle et al. 2000) also 
employ comet tails for intracellular motility.  
Contractile ring in cytokinesis 
       At the last step of cell division, a contractile ring of actin filament and myosin II 
assemble between two daughter cells. Myosin II can produce contraction by pulling actin 
filaments, resulting in a cleavage furrow at the cell membrane. The two daughter cells are 
separated by pinching of the contractile ring and membrane fusion. 
Track for organelles transportation 
      Many cells use myosin motors for transportation of vesicle and organelles along actin 
filaments.  





     Actin filaments are essential for cell migration. In migrating cells, actin filaments are 
polarized with the plus ends toward the membrane. This inherent polarity of actin 
filaments is used to drive membrane protrusions, which is often the first step in cell 
migration. During cell locomotion, myosin interacts with actin filaments to pull the rear 
of cell forward. 
 
1.6 Regulation of actin filament remodeling 
          Since various developmental processes, which are essential for the survival of cell, 
utilize actin cytoskeleton, the polymerization and depolymerization of actin filament are 
under tight controls by over a hundred actin binding proteins. Once nucleated, actin can 
polymerize at the barbed end at a rate proportional to the G-actin concentration. Actin is 
one of the most abundant proteins in eukaryotic cells with a cellular concentration of 100 
µM. To prevent actin polymerization from running amok, the large pool of actin 
monomers are buffered by monomer binding proteins, such as profilin and thymosin β4. 
These factors suppress spontaneous nucleation of new filaments, but enable actin 
polymerization at the barbed ends. Thus, the rate limiting step is the formation of free 
barbed ends. Three mechanisms contribute to the generation of free barbed ends: 
uncapping the capped filaments; severing existing filaments; and forming actin filaments 
de novo. Though G-actin is able to self assemble, spontaneous nucleation is kinetically 
unfavorable because the process involves the formation of the intermediate dimer and 
trimer (Pollard and Borisy 2003), which are extremely unstable and dissociate rapidly. 
However, a variety of cellular processed require a responsive, rapid burst of actin 




assembly at specific subcellular locations. To circumvent the limitation of spontaneous 
nucleation, cells use factors that promote actin nucleation. A nucleator is defined as a 
factor that stimulates formation of an actin filament that grows rapidly at its barbed end. 
Two roles of actin nucleators are defined: First, to regulate the time and position of actin 
filament formation. Second, to protect the barbed end from being bound by capping 
proteins.  Arp2/3 is one major and the best studied nucleator of branched actin 
(Vartiainen and Machesky 2004). Formins bind barbed end of actin filaments to promote 
linear (unbranched) actin filament elongation, antagonizing both capping and branching. 
Though de novo nucleation of new actin filaments has been considered as the dominant 
mechanism in the leading edge, the contribution from other two mechanisms should not 
be neglected. Cofilin/actin-depolymerizing factor (ADF) is an actin binding protein that 
is required for actin-filament disassembly, cytokinesis and the organization of muscle 
actin filaments (Bamburg 1999). Cofilin/ADF severs actin filaments and promotes actin 
dissociation from the pointed end in vivo to generate free barbed ends (Bamburg 1999). 
Surprisingly, depletion of cofilin reduces the rate of lamellipodia formation rather than 
increasing it (Akin and Mullins 2008). It was therefore speculated that cofilin severing 
activity is essential for generating free actin barbed end for actin polymerization, hence 
accelerates actin treadmilling, possibly in cooperation with the Arp2/3 complex (Akin 
and Mullins 2008).  
      Actin polymerization at barbed ends depletes the G-actin pool rapidly.  For a cell to 
respond quickly to environmental stimuli it requires a large G-actin pool which is 
polymerization competent. At steady state, capping proteins bind to the barbed end of 
actin filaments and inhibit elongation to maintain the G-actin pool. Therefore, actin 




filament growth depends on the competition between nucleators and capping factors. 
High-affinity binding of capping factors determines the length of F-actin and limits the 
number of free barbed ends, which reduces the rate of G-actin monomer depletion. 
Capping proteins therefore reduce the drain on the G-actin pool, allowing more uncapped 
F-actin growth.  Enabled/vasodilator-stimulated phosphoprotein (Ena/VASP) is the other 
known actin nucleator. Like formins, Ena/VASP proteins bind barbed ends of actin 
filaments. However, Ena/VASP promotes actin filament elongation when VASP is bound 
to beads but not in solution, suggesting that the activity of VASP requires some form of 
attachment. Generally, the net dynamics of actin filament are determined by nucleation, 
branching, elongating at one hand and severing and capping at the other.   
 
1.7 Arp2/3 complex and formins are actin filament nucleators 
   1.7.1 Arp2/3 complex  
      Arp2/3 was first isolated from Acanthamoeba castellanii based on its affinity for the 
actin binding protein profilin (Machesky et al. 1994). Soon after, the nucleation activity 
of the Arp2/3 complex was identified (Mullins et al. 1997). Since then, biochemical, 
electron microscopic studies have focused on the mechanism of Arp2/3 mediated actin 
filament nucleation and branching. Arp2/3 is a 220 kDa complex consisting of seven 
subunits. The two core subunits are actin-related protein (ARP) Arp2 and Arp3. The 
remaining five subunits are named ARPC1 (40 kDa), ARPC2 (34 kDa), ARPC3 (21 
kDa), ARPC4 (20 kDa), ARPC5 (16 kDa). These subunits are evolutionarily conserved 
and have been found in plants, fungi, amoeba, flies, and vertebrates (Pollard and Borisy 
2003). Biochemical and microscopic data suggest that Arp2/3 complex binds to the side 




of an existing filament and initiatea a new filament at a 70 ° y-branch in vitro (Pollard 
and Borisy 2003). Arp2/3 binds to the pointed end of the nascent actin filament and 
leaves the barbed end free for elongation. So far Arp2/3 is the only known actin nucleator 
that mediates branched networks. 
                  
   
            
Figure 1.4 Models of actin filament nucleation by Arp2/3 and formins. Electron 
tomography shows several branches (boxes), Arp2/3 complex (circles) and gold 
markers (arrowheads) in a 3D reconstruction of the actin filament branches. From 
(Rouiller et al. 2008) B. Arp2/3 nucleates actin filament on existing filaments and 
binds to pointed end of newly formed filament. Formins form doughnut shape 
and nucleate linear filament. After nucleation, Arp2/3 remains associated with 
pointed end while formins processively move at the barbed end as the filament 
elongates.  From(Insall and Machesky 2009). 
 
        Biochemical and electron microscopic studies have revealed the structural base of 
Arp2/3 complex, which suggests that ARPC2 and ARPC4 form the structural core of the 
complex, with the remaining subunits surrounding them. ARPC2 and ARPC4 contact the 
mother filament, whereas ARP2 and ARP3 associated with the pointed end of the nascent 
filament (Rouiller et al. 2008). The structural organization of Arp2 and Arp3 are similar 




to actin, so it is supposed that Arp2/3 complex acts as template to mediate initiation of 
actin polymerization. Like actin, Arp2 and Arp3 bind ATP. ATP binding causes 
conformation change and is important for their nucleation activity in vitro. The proposed 
model (Figure 1.4) suggests that upon binding to actin filament, a conformation change 
of the whole complex reorganizes ARP2 and ARP3 into a dimer which acts as template 
of subsequent actin assembly. The Arp2/3 complex remains bound to the pointed end of 
F-actin leaving a new barbed end free for subsequent elongation. 
 
1.7.2 Formins 
Formin is another actin nucleator, catalyzing the formation of linear (unbranched) actin 
filaments in vitro (Pruyne et al. 2002) and assembles diverse actin structures, including 
stress fibers, cytokinetic contractile rings, and actin cables in vivo (Kovar et al. 2006; 
Goode and Eck 2007). In contrast to the Arp2/3 complex, which nucleate a novel actin 
filament on existing filaments and remains associated with pointed end of the nucleated 
filament after nucleation, formins remain associated with the barbed end after nucleation, 
moving processively as the filament elongates (Pollard 2007). The mechanism underlying 
processive movement remains unclear.                                                                                                                                         
     Formin family proteins contain two formin homology domain (FH):FH1 and FH2. 
FH2 domains form donut-shape head-to-tail homodimers and are responsible for the 
association with the barbed end of the nucleated filament. FH2 processive association 
was believed to prevent the binding of capping factors to the barbed end (Kovar et al. 
2003). FH1 contains polyproline sequences and interacts with profilin (Chang et al. 
1997). Since profilin binds to actin monomer, FH1 domains can bind the profilin-G-actin 




complex near the barbed end of actin filaments. It was postulated that formin nucleates 
new filaments by binding and stabilizing the intermediate actin dimer and trimer (Pruyne 
et al. 2002). Drosophila Diaphanous belongs to the formin protein family, which is 
highly conserved and has been implicated in the formation of linear (unbranched) actin 
filaments. Crystal structure shows that N-terminal domains of mDia1 form a dimer and 
inhibit the actin nucleation activity of FH2 by intramolecular interaction.  
1.7.3 Arp2/3 complex is essential for many cellular processes  
        After Arp2/3 complex was identified to nucleate and branch actin filament in vitro 
study, extensive efforts have been put on investigating its function in vivo. Knockout and 
knockdown experiments showed that the Arp2/3 complex is essential for the viability of 
many cell types. The Arp2/3 complex appears important in a variety of specialized cell 
functions that involve the actin cytoskeleton. Arp2/3 mutant mammalian cells often have 
lower levels of actin filaments, consistent with the role of Arp2/3 in actin filament 
nucleation. Arp2/3 is also necessary for phagocytosis in mammals and the social amoeba 
Dictyostelium discoideum (Insall et al. 2001; Warren et al. 2002) 
 
Endocytosis in yeast 
In yeast, a family of proline-rich proteins named verprolin is known to bind WASP 
(Kaksonen et al. 2006). Verprolins coordinate WASP with type I myosin to activate actin 








Ventral closure of C.elegans 
Arp2/3 plays essential role in cell migration during ventral enclosure in Caenorhabditis 
elegans (Sawa et al. 2003). During ventral closure, the embryonic epidermis migrates 
from the dorsal surface towards the ventral surface, ending up sealing the ventral surface 
(Sawa et al. 2003). Disruption of any one of Arp2/3 subunit results in the loss of 
migration in the epidermal cells (Sawa et al. 2003). The leading edge of the migrating 
epidermis in Arp2/3 depleted C. elegans embryos shows a lack of filamentous actin, and 
the finger like protrusions that normally form are absent (Sawa et al. 2003). One report 
has revealed the involvement of Arp2/3 in guiding longitudinal migration of excretory 
cells in C. elegans (Sanz-Moreno et al. 2008).  Arp2/3 is also required cell-autonomously 
for axon guidance and initiation of filopodia on growth cones, but not important for the 
growth of axon growth cone. In C. elegans development, gastrulation is initiated by the 
internalization of two endodermal precursor cells (Severson et al. 2002). If Arp2/3 is 
depleted, the endodermal precursor cells fail to be fully internalized (Severson et al. 
2002; Roh-Johnson and Goldstein 2009). 
 
Roles of Arp2/3 complex in Drosophila  
         Rogers et al. used RNAi to systematically study the molecules required for lamella 
formation in Drosophila S2 cells. They found that RNAi knockdown of components of 
the Arp2/3 complex or SCAR/WACE impaired the formation of lamella (Rogers et al. 
2003).  It has been found that the role of Arp2/3 in endocytosis is important in the 
remodeling of epithelia adhesion junctions (Georgiou et al. 2008). Actin nucleators are 
also crucial for remodeling the actin cytoskeleton in response to extrinsic or intrinsic 




cues. In Drosophila, the Arp2/3 complex is required for a variety of processes, including 
blastoderm organization, axon development, eye morphogensis, and egg chamber 
morphology (Zallen et al. 2002). One prominent actin structure in the egg chamber is the 
ring canal. These intercellular channels connect nurse cells to the oocyte. Cytoplasm of 
nurse cells is transferred into oocyte through ring canals to provide nutrients for 
development. Arp2/3 is important for the growth, maturation and maintenance of ring 
canals (Hudson and Cooley 2002; Zallen et al. 2002). If Arp2/3 activity is affected, ring 
canals decrease in diameter dramatically, sometimes even collapse (Hudson and Cooley 
2002). In oogenesis, depletion of Arp2/3 in germline cells leading to multinucleate nurse 
cells with the absence of nurse cell membrane (Zallen et al. 2002).  
 
Cell shape of Trichome in Arabidopsis thaliana 
        A genetic screen in Arabidopsis thaliana for genes affecting cell shape of leaf 
epidermal cells called trichomes, one complementation group of mutations called 
“distorted” were isolated (Hulskamp et al. 1994). These were later identified as homolog 
of Arp2/3 subunits (Mathur 2005). Arp2/3 is important for cell expansion during 
trichome development. In Arp2/3 mutant plants, the trichomes display a general 
distortion, and cotyledon cells failed to develop their usual lobed, jigsaw-puzzle shape 
(Mathur 2005). Compared to the uniform distribution of F-Acin in wild type trichomes, 
F-actin in Arp2/3 mutant trichome forms randomly localized dense aggregates, highly 
bundled F-actin and randomly located cortical actin patches (Mathur et al. 1999; 
Szymanski et al. 1999), again consistent with the important role of Arp2/3 complex in 
actin dynamics regulation. 




                                         
Figure 1.5 Arp2/3 is important for the expansion of trichome in Arabidopsis thaliana. 
Compared to wild type control (A), the shape of thichomes is distorted in ARPC2 
mutant (B). 
 
1.8 Regulation of the Arp2/3 complex and Diaphanous 
        On its own, Arp2/3 complex is inactive and requires additional nucleation promoting 
factors (NPFs) to nucleate actin filaments (Pollard and Borisy 2003). The main NPFs of 
Arp2/3 complex are Wiskott-Aldrich syndrome family proteins (WASP), which serve as 
scaffolds for Arp2/3 complex. WASP protein was first discovered in Wiskott-Aldrich 
syndrome (WAS) victims (Bosticardo et al. 2009). WAS is an X-linked genetic 
immunodeficiency, characterized by recurrent infection, eczema, and thrombocytopenia 
(Bosticardo et al. 2009). The disease is associated with mutations in the WASP gene. 
WASP proteins are multidomain and grouped into three categories based on primary 
sequence homology and functional data: 
            i) WASP and generally expressed WASP (N-WASP); 
            ii) Wiskott-Aldrich verprolin homologous protein (WAVE) 1, 2 and 3 or 
suppressor of cyclic AMP receptor (SCAR); 










WASP family contains a conserved WCA domain, which is comprised of WASP 
homolog 2 (WH2) domain (W), a connector region (C) and an acidic region (A) at C 
terminus (Marchand et al. 2001; Panchal et al. 2003; Chereau et al. 2005) (Figure 1.6). 
Biochemical studies have showed the WH2 domain to bind actin monomers, and that the 
acidic domain binds the Arp2/3 complex (Chereau et al. 2005). A prevailing model 
suggests that WASP family proteins bind and bring actin filaments close to the Arp2/3 
complex, which is essential for the activation of Arp2/3 (Goley and Welch 2006). The 
activity of WASP family proteins is also under tight control. WASP proteins are 
autoinhibited (Panchal et al. 2003). In their inactive state, the VCA domain of the family 
protein is masked by intramolecular interaction or by an associated protein complex. 
WASP and N-WASP contain a Cdc42/Rac GTPase binding domain (GBD), linking 
cellular signals that activate Cdc42 to the actin cytoskeleton (Rohatgi et al. 1999). Rho 
GTPase activity can remove this inhibitory interaction by allosteric mechanisms that 
release the VCA domain (Tomasevic et al. 2007). WASPs can form homodimers and it 
has been shown that dimerization of WASP VCA domains was a potent mechanism to 
activate Arp2/3. The affinity of the WASP VCA dimer for Arp2/3 increased substantially 
compared to the monomer (100-180 fold) (Padrick et al. 2008). Mammalian WASP is 
specifically expressed in haematopoietic cells and required for cell migration, 
phagocytosis and T-cell signaling (Kirchhausen 1998). By contrast, N-WASP is 
expressed in most cell types. Loss-of-function of N-WASP causes neurological and 
cardiac disorders and embryonic lethality in mice (Snapper et al. 2001). 
        In contrast to the functional versatility of N-WASP, the main function of 
SCAR/WAVE is to activate Arp2/3 during plasma membrane protrusion and cell 




migration. In mammals, there are three WAVE proteins isoforms, WAVE1, WAVE2 and 
WAVE3. WAVE2 is expressed ubiquitously (Yamazaki et al. 2003), while WAVE1 and 
WAVE 3 are mainly expressed in brain (Dahl et al. 2003; Soderling et al. 2003). SCAR is 
the only WAVE in Drosophila (Zallen et al. 2002). SCAR/WAVEs are not directly 
regulated by small GTPase as they lack a GBD domain. SCAR/WAVE is not 
autoinhibited and is active in vitro (Derivery et al. 2009).  
      Most studies have been focused on the mechanisms of branched filament formation. 
The mechanisms that de-branch actin filaments and recycle the NPFs and Arp2/3 have 
been elusive. Although cofilin promote debranching in vitro, there is no supporting 
evidence of this in vivo (Blanchoin et al. 2000). Recently, two negative regulators of 
Arp2/3, PICK1 and Coronin 1B were identified (Cai et al. 2008; Rocca et al. 2008). 
PICK1 (Perinuclear binding protein and substrate for protein kinase C) is a neuronal 
BAR domain-containing protein and regulates postsynaptic trafficking of glutamate 
receptors. A VCA-like domain was identified in PICK1 it was initially suspected to be an 
activator of Arp2/3. Surprisingly, PICK1 inhibited the activity of Arp2/3 complex. 
Further analysis indicated that PICK1 competed with VCA domains for binding Arp2/3. 
In addition, PICK1 also has direct inhibitory effect on Arp2/3 (Rocca et al. 2008).  
     Cortactin associates with Arp2/3 containing actin branches, protecting them from 
spontaneous disassembly and releasing WASP or WAVE protein from the branches. 
Membrane targeting of Coronin 1B antagonizes the branch stabilization by Cortactin (Cai 
et al. 2008). Coronin 1B replaces Arp2/3 within actin branches and ultimately stimulate 
actin debranching (Cai et al. 2008). ATP hydrolysis by Arp2 or Arp3 may act as a timer 




to determine when Arp2/3 requires replacement. Coronin 1B might help to recycle for 
new actin nucleation and branched filament assembly (Soderling 2009).   
 
 
Figure 1.6 Domains organization in WASPs and WAVEs and the regulation mechanisms. 
a. Domain organizations in WASPs. All WASPs contains a WCA domain at C 
terminal. b. Intracellular inhibition in WASPs and the release of the inhibition.  
Intracellular inhibition is mediated by an associated complex and this inhibitory 
interaction can be released by Rho GTPase.  
 
       






Figure 1.7 Dendritic nucleation model of actin assembly. Upon activation by WASp 
and Scar/WAVE, Arp2/3 complex nucleates a branched actin filament at the side of 
an existing actin filament. Arp2/3 associates with the pointed end after nucleation 




1.9 Regulation of WASP and WAVEs      
        The Rho family of small GTPase, consisting of Rho, Rac and Cdc42, are important 
regulators of the actin cytoskeleton. Cell culture studies indicated that Rho induces stress 
fiber formation, Rac is responsible for lamellipodia and membrane ruffling formation, 
and Cdc 42 initiates filopodia and microspikes.  Upon binding of extracellular guidance 
cues, receptor tyrosine kinases recruit and activate their downstream targets which in turn 
activate Rho GTPase. Rho binds to GBD domain of WASP family proteins, which 
releases the intracellular inhibition and activates WASP (Seth et al. 2006).  




         SCAR/WAVE has not auto-inhibition mechanism and is active in its own. 
However, SCAR/WAVEs is present in a complex in vivo with four other proteins, Sra1 
(also known as CYFIP1), Nap (Nck associated protein), Abi (Abelson-interacting 
protein) and HSPC300 (haematopoietic stem progenitor cell 300, also known as BRICK) 
(Stovold et al. 2005). This pentameric heterocomplex is referred as the WAVE complex 
(Eden et al. 2002). Integrity of the complex is important for its localization and stability, 
because depletion of any subunit of the complex by RANi causes the loss of the entire 
complex (Kunda et al. 2003).  The SCAR/WAVE complex is, by default, inactive, 
because the Sra1 subunit binds to VCA domain and prevents it from activating Arp2/3 
(Eden et al. 2002). Rac-GTP binding to Sra1 causes conformational change in WAVE 
complex, relieving the intracellular inhibition by releasing VCA from Sra1, which leads 
to the activation of SCAR/WAVE (Sampath and Pollard 1991). Presence of 
SCAR/WAVE in a pentameric complex was postulated to render multiple level of 
regulations (Soderling 2009). Knocking down SCAR in Drosophila S2 cells phenocopied 
the depletion of Arc-p20, one of seven subunits of Arp2/3 complex, by RNAi (Rogers et 
al. 2003), consistent with the notion that SCAR is a primary regulator of Arp2/3 in 
Drosophila cells (Zallen et al. 2002). WASP RNAi affected neither the morphology nor 
the actin organization in Drosophila S2 cells (Rogers et al. 2003). 
         In brief, signaling ligands act through Rho GTPases to drive allosteric relief of 
inhibition of WASP and WAVE filmily members as well as WCA domain dimerization, 
which together stimulates actin assembly.  
         In Drosophila, the Arp2/3 complex functions in actin dynamics together with 
SCAR/WAVE and WASP proteins. The Drosophila Arp2/3 complex and SCAR/WAVE 




regulate cell morphogenesis in blastomeres, CNS neurons, the egg chamber and adult eye 
(Hudson and Cooley, 2002; Zallen et al., 2002). Drosophila WASP functions in Notch-
mediated cell lineage determination (Ben-Yaacov et al., 2001). 
 
1.10. Regulation of formins 
      Gene sequence comparisons have revealed additional domains within Diaphanous 
besides the FH1 and FH2, including the Diaphanous autoregulatory domain (DAD), 
DAD interacting domain (DID), and GTPases binding domain (GBD) (Li and Higgs 
2005).  DAD interacts intramolecularly with DID and inhibits the actin assembly activity 
of FH2 domain. Dia-related Formins (DRF) are commonly activated by Rho GTPases 
(Goode and Eck, 2007), which bind the GBD and relieve the autoinhibition by the DAD 
domain. Dia elongates unbranched actin cables, oriented with barbed end towards the 
membrane.  
 
1.11 Dendritic nucleation model of actin filament network 
        The mechanism underlying the nucleation catalyzed by Arp2/3 complex in vivo has 
been intensively studied in cultured motile cells (Pollard 2007). Arp2/3 complex 
localized at the leading edge of migrating cells and in the cell cortex in other cells 
(Mullins et al. 1997).  The dendritic nucleation model of actin polymerization is the 
currently widely accepted scheme of lamellipodia protrusion (Pollard 2007). Upon 
binding of ligands, receptors on the plasma membrane signal to small GTPases such as 
Rac, Rho and Cdc42. These small GTPases in turn activate the Arp2/3 complex which 
initiates a novel F-actin branch at the side of existing filament. However the mechanism 




of how Arp2/3 crosslinks actin filaments is still not clear. A complex lacking Arp2 can 
bind to actin filament but loses its nucleation function, supporting the idea that Arp2 and 
Arp3 form dimer which acts as an actin template.  
        ATP hydrolysis is coupled with both nucleation and branch disassembly. ATP 
hydrolysis by Arp2 or Arp3 may act as the timing mechanism to identify "old" Arp2/3 
that requires replacement (Nolen et al. 2004).   
 
1.12 Collective cell migration 
        In several cases of morphogenesis, epithelial cells move in a process termed 
“collective cell migration”. Collective motility is characterized by movement of cohorts 
of cells which maintain coherent through cell-cell adhesion junction, either connected 
with their originating tissue or as separated, moving cluster. The maintenance of adherens 
junctions is important for this form of movement (Theveneau et al. 2010). Collective cell 
migration is represented by multicellular strands, sheets, cluster and cohorts.  
      Collective migration is crucial for physiological development ranging from 
gastrulation to organogenesis, tissue repair and tumor metastasis. In cancer, collective 
cell migration and invasion is found in various cancer types, including breast cancer, 
epithelial prostate cancer, large cell lung cancer, melanoma, rhabdomyosarcoma, and 
most prominently in squamous cell carcinoma (Friedl and Gilmour 2009). Studies of 
mechanisms underlying collective migration is of crucial importance for understanding 
many essential steps in the development of higher organisms. However, the molecular 
and cellular understanding of this motility is still poor, largely due to the lack of in vivo 
study models.   




      Collective motility is distinct from single cell motility. Besides individual cell 
polarity, there is also a collective polarity in coherent migrating cells to guide the 
collective motility. But how the collective polarity is established is unknown. It remains a 
major question whether all the migrating cells sense the guidance signals, or whether only 
leader cells sense the signals and then instrucst other cells to follow them. 
 
1.13 Border cells provide a good model to study collective migration   in 
vivo 
       Major advancements in the understanding of the mechanisms underlying cell 
migration have come from cell culture studies. However, there are obvious differences 
between in vitro and in vivo cell migrations. Cells crawl on substratum in a 2-D pattern in 
vitro, as one side contacts the substratum and the other side is immersed in medium. Cells 
migrating in vivo are often fully completely surrounded by cells and extracellular matrix 
and move in 3-D context. They need to squeeze through the extracellular matrix (Insall 
and Machesky 2009). While cells crawling in dish use lamellipodia, cells migrating in 
vivo sometimes use blebs to push them forward (Charras and Paluch 2008). So, cells 
migrating in vivo may adopt distinct mechanisms compared to those migrating in a dish.  
 
1.13.1 Drosophila oogenesis         
      A female Drosophila has two ovaries, which consists of approximately 15 ovarioles; 
each is a string of progressively maturing egg chambers, of increasing developmental 
stages. The ovary is oriented with stem cells at the anterior and mature egg posterior 




(Figure 1.8A). Egg chambers are formed in the germarium at the anterior of the ovarioles. 
Here, a germline stem cell undergoes asymmetric cell division, giving rise to one stem 
cell and a daughter cell (cystoblast). The cystoblast undergoes 4 further rounds of mitosis 
giving rise to 16 cells, which are interconnected by cytoplasmic bridge known as ring 
canals. Two follicular stem cells located at the periphery of the germarium provide a 
source of follicle cells that encapsulate the germ cells. One of 16 germ cells is specified 
as oocyte and the rest become nurse cells which provide the oocyte with cytoplasmic 
components.   
 
Figure 1.8 Border cells are specified in stage 9 of oogenesis. A. Drosophila oogenesi. Four 
rounds of mitosis occur during oogenesis and one of 16 daughter cells is specified 
as oocyte, while the rest 15 as nurse cells.  B. At stage 9, Upd is expressed and 
secreted by polar cells. Surrounding somatic cells are induced to express Slbo and 
specified as border cells.   
         
A 
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       At stage 9 of oogenesis, a group of follicle cells located at anterior end of egg 
chamber delaminate from epithelium and form a coherent cluster. The cluster invades and 
migrates in between the nurse cells toward the oocyte. It takes 3-4 hours for the group of 
cells to migrate ~170µm and reach the border of oocyte, (hence the name of border cell) 
adjacent to the oocyte nucleus. Border cells are a group of around 8 coherent cells, with 
two center polar cells and about six outer follicle cells. The polar cells are unable to 
migrate (Han et al., 2000). It therefore appears that the polar cells are carried along by the 
surrounding outer border cells. However, the polar cells do not play a completely passive 
role as they secret Unpaired, the ligand of cytokine receptor Homeless, which activates 
JAK/STAT in surrounding border cells. This signal is required for outer cells to keep 
motile (Silver and Montell 2001; Silver et al. 2005). 
     The cell shape of follicular epithelium also changes at stage 9. The follicle cells 
encapsulating the nurse cell cluster retract towards the posterior along the surface of 
nurse cells. This occurs at roughly the same time as the border cells migrate. At stage 10, 
95% of the follicle cells have moved to the posterior half, over the oocyte and adopt a 
more columnar shape. The remaining follicle cells stretch to cover the nurse cells; they 
are therefore named stretch cell.  After the border cell cluster reaches the oocyte, the 
migration is reoriented dorsally, towards the oocyte nucleus, where the border cell cluster 
takes part in the formation of the micropyle, a pore structure through which the sperm 
enters and fertilizes the oocyte.  If border cells are absent or the migration of the border 
cells fails, the micropile lacks entry pore for sperm, leading to failure of fertilization 
(Montell et al. 1992). 
  




1.13.2 Molecular requirement for border cell migration in Drosophila oogenesis       
  Drosophila border cells provide a powerful model to study cell migration in vivo due 
to its genetic tractability and amenability to manipulate. Our understanding of the 
mechanisms underlying many aspects of cell migration in vivo, including delamination 
(Pinheiro and Montell 2004; McDonald et al. 2008), timing of initiation (Bai et al. 2000), 
adhesion dynamics (Niewiadomska et al. 1999; Geisbrecht and Montell 2002; Pacquelet 
and Rorth 2005) and guidance (Duchek and Rorth 2001; Duchek et al. 2001), owes a lot 
to the studies of border cell migration. 
    Lots of efforts have been put into identification of regulators of the border cell 
migration. The first identified mutant that affects border cell migration was slbo (slow 
border cell) (Montell et al. 1992). Border cell migration is arrested in slbo loss-of-
function mutant. slbo encodes a C/EBP (CAAT enhancer binding protein) transcription 
factor. It is not surprising considering that this cell fate change requires a shift in gene 
expression profile. Defining the downstream targets of slbo has been one of main 
interests in the field.  
   Polar cells are not motile (Montell et al. 1992), but they secrete Unpaired (Upd), the 
ligand for cytokine receptor Domeless. Upd binds to its receptor Domeless on the 
membrane of surrounding follicle cells and activate downstream JAK/STAT signaling 
pathway (Silver and Montell 2001; Beccari et al. 2002). These follicle cells disassemble 
the adhesion junctions with neighbor cells and become migratory. Subsequently, these 
follicle cells are recruited by polar cells and form a compact cluster. This border cell fate 
specification does not occur at posterior follicle cells, because the presence of the oocyte 
prevents the polar cells at posterior end to adopt anterior ones fate. Activation of 




JAK/STAT is required for the cell fate specification of border cells. Interestingly, STAT 
is also upregulated in cancer cells, suggest that JAK/STAT signaling may also promote 
the motility of cancer cells. 
        Another critical question in border cell migration is the timing, or how border cells 
know when to move. Taiman (tai) is the coactivaor of ecdysone receptor and was 
revealed to be required in border cells for their migration (Bai et al. 2000). Over 
expression of Slbo alone does not affect border cell migration, whereas addition of the 
ecdysone hormone together with over expression of Taiman caused precocious border 
cell migration. Ecdysone was therefore suggested to play a role in the timing of border 
cell migration (Bai et al. 2000). tai encodes a steroid hormone receptor coactivator 
related to AIB1. AIB1 is up-regulated in many ovarian and breast cancers (Anzick et al. 
1997). Blocking AIB1 mediated signaling can prevent cancer metastasis. 
        In border cells, two RTK signaling pathways guide the migration: epidermal growth 
factor receptor (EGFR) and PVR (Figure 1.9). PVR is related to the human PDGF and 
VEGF receptors. PVR and EGFR redundantly guide the posterior migration as loss of 
either signaling gives mild migration delay, but coexpression of dominant negative PVR 
and dominant negative EGFR blocks most border cell migration (Duchek et al. 2001). 
Overexpression of constitutive active PVR leads to the formation of Rac-dependent actin-
rich protrusions (Duchek et al. 2001). Whereas the downstream targets of EGFR 
signaling are not clear (Duchek and Rorth 2001). In addition to guiding posterior 
migration redundantly with PVR, EGFR also guides dorsal migration in response to the 
ligand Gurken, because Gurken is highly concentrated at the dorsal aspect of the oocyte 




membrane. Whereas the ligand Pvf1 is secreted uniformly by the oocyte, hence cannot 
guide the directional migration.                                     
                                
Figure 1.9 RTK signaling guide border cell migration. (a) Posterior border cell migration 
(red arrow in a) is directed by the receptor tyrosine kinase PVR on the membrane 
of border cells, which senses the gradient concentration of oocyte secreted ligands 
PVF1 and Gurken. (b) Dorsally border cell migration (red arrow in b) is guided by 
EGFR, which sense the ligand gradient of Gurken, enriched at the dorsal part of 
oocyte. A, anterior. P, posterior. GV, germinal vesicle. 
 
     Border cells use E-Cadherin for adhesion during migration (Niewiadomska et al. 
1999). E-Cadherin is a downstream target of slbo, which causes its upregulation in border 
cells (Niewiadomska et al. 1999). E-Cadherin holds cells together by forming 
extracellular homophillic dimers. The intracellular part of E-Cadherin is linked to actin 
cytoskeleton via α- and β-catenin. Theoretically, upregulated E-Cadherin will enhance 
tissue integrity and prevent a cell from breaking away from its neighbors and low level of 
E-Cadherin will promote cell motility. In tumor metastasis, E-Cadherin is usually down 
regulated. Therefore it was suggested that downregulation of E-Cadherin is required for 
tumor cells to break away from neighbor cells and metastasize. However this is not the 
case in migrating border cells (Oda et al. 1997), in which reduction of E-Cadherin level 
either in border cells or nurse cells causes a migration defect, suggesting that the 
hemophilic interaction between E-Cadherin in the two types of cells provides the 




adhesion required for migration (Rorth 2002). Thus, proper regulation of E-Cadherin is 
critical for border cell migration, but how this regulation is achieved remains unclear.  
    It is believed that actomyosin contraction retracts the rear of the migrating cells. 
Myosin II is required for the force generation of actomyosin contraction. If contractility 
mediated by myosin II is blocked, the cell body fails to translocate, although long cellular 
extensions still form and grow, which causes severe migration defect (Fulga and Rorth 
2002). 
1.13.3 Live imaging opens doors for studying the dynamics of cell migration in vivo  
     Most investigations on border cell migration have been conducted in fixed tissue. 
Using fixed samples, border cell migration can be quantified only in terms of percentage 
of the expected migration performed. However, we are unable to observe the dynamics of 
migration and the underlying mechanisms. Consequently it is hard to distinguish between 
various phenotypes, even though they are speculated to affect border cell migration in 
different ways. Live imaging of cell migration in vivo is one important technique to 
decipher the mechanism of cell migration as it allows direct observation of cell 
movement and dynamics. However, the fly is opaque and it is impossible to observe the 
migration in vivo. Recently, culture conditions for egg chambers have been optimized, 
which can support egg chamber growth and development for 2-6 hours without obvious 
impact on border cell migration (Bianco et al. 2007; Prasad and Montell 2007). Optimal 
culture condition makes it feasible to image live border cell migration with high 
resolution. Time lapse imaging of border cell migration in vivo has provided new insights 
into cellular mechanisms underlying migration, especially that of migration guidance. It 
has been clear that the whole border cell cluster often exhibits an intrinsic polarity with 




an obvious front and a rear end. One leading cell sends and retracts cellular protrusions 
dynamically, though all outer border cells are capable of sending out extensions (Prasad 
and Montell 2007). After detachment from the epithelium, border cells move in a 
“sliding” pattern at initial stage. Cells in the cluster interchange their positions actively. 
After that, border cell cluster enters a slow migrating phase, in which the cluster polarity 
is often lost, protrusions retract, and the cluster shape becomes rounder. Simultaneously, 
the cluster stops sliding and starts tumbling dramatically with reduced net forward 
movement. Intermittent, the cluster polarizes and reorients. Protrusion formation at the 
front cells and the “sliding” movement resume again. Upon reaching the oocyte, the 
migration is redirected dorsally in a “sliding” pattern (Bianco et al. 2007; Prasad and 
Montell 2007). Wild type border cells migrate at an overall average rate of 0.54 µm/min 
with big variations at this phase (Prasad and Montell 2007).  
     For analysis, posterior migration is usually divided into two parts: the first half 
migration (early phase) and second half migration (late phase) based on a simple half-half 
division of the migration path. In wild type border cell clusters, the first half migration is 
relatively straight at a high rate (1µm min
-1
). The cells tend to move at a relatively low 
rate (0.4 µm min
-1
) in the second half of migration (Bianco et al. 2007).  
     To understand molecular mechanism of border cell migration, the main purpose of this 
study is to identify new regulators of border cell migration.  Another objective is to learn 
how migration regulators affect cell migration in dynamic ways with the aid of live 
imaging technique. 















2.1 FLP/FRT mosaic screen in border cell 
        To identify novel regulator of border cell migration in Drosophila, I conducted a 
mosaic mutant clone screen and a germline mutant screen (see methods). A stock 
collection of p-element insertional mutations (FRT-l(2)SH, where l(2) denotes lethal 
second arm) was obtained from Szeged fly stock center (closed in June 2009). This 
collection was originally generated by remobilizing a p[lacW] on the X chromosome to 
other chromosomes (Oh et al. 2003). The Szeged FRT-l(2)SH collection is composed of 
371 mutant lines carrying p-[lacW] insertion induced mutations on the second 
chromosome. This collection has been well characterized and used successfully in other 
screens for adult viable phenotypes (Oh et al. 2003). Screens of germline clones, in 
particular, have identified genes involved in oogenesis and embryonic pattern formation 
(Oh et al. 2003). The mutations have been recombined with FRT chromosomes, which 
make convenient generation of mutant clone by FLP/FRT system (material and method). 
Furthermore, the p-element insertional mutagenesis has many advantages. First, the 
disrupted gene can be identified by sequencing the flanking sequence of the p-element 
insertion through inverse PCR. Thus, isolating the genes affected in transposon-tagged 
mutants is much less laborious than from EMS mutants, though using EMS allows for 
unbiased mutagenesis of the entire genome and the generation of qualitatively distinct 
alleles. Second, remobilizing the p-element can generate new alleles.  
      In my screen, the FLP-FRT recombination system was used to generate homozygous 
mutant clones for each of the 371 p-element insertional mutant lines. FLP recombinase 
was induced by heat shock at the larval stage (material and method 4.3). As some 
mutation affected genes required for cell viability, mutant animals are unable survive to 




adult stage. In this case adult females were heat shocked. Gal4, expressed under the 
control of the slbo enhancer was used to express lacZ in border cells, while GAL80 on 
the same chromosome arm as the FRT suppresses the binding of GAL4 to UAS 
sequence, thus resulting in the expression of β-galactosidase only in homozygous mutant 
(see more details in material and method). X-gal staining can be quickly examined and 
quantified in mutant cells under stereomicroscope. In the primary X-gal staining screen, 
any mutant showing border cell migration delay will be selected for further testing. In the 
retest, I used a neutral uniformly expressed GFP (Ubi-GFP) as cell autonomous marker. 
Ubi-GFP is placed at the same chromosome arm of FRT. If mitotic recombination occurs 
during oogenesis, then mutant follicle cells lose the GFP marker and can be easily 
identified in the context of GFP positive heterozygous cells.   
Table 1 Summary of the screen 
Number of lines 371 
Mutation location  
         Left arm 120 
         Right arm 171 
         Both arms 64 
        No clone recoverd 16 
Heat shock method  
      Larval heat shock 350 
      Adult heat shock 21 
 
 




    In the first round of X-gal screening, mutant border cell clones from 28 out of 371 
lines (Table 1) exhibited a migration defect. Mutations isolated from the somatic mutant 
clone screen were confirmed in GFP negative clones by crossing them with hsFLP; 
FRT40 (or FRT42) UbiGFP. Whereas, mutations isolated from germline screen were 
confirmed by crossing them with hsFLP; FRT40 (or FRT42), Ovo
D
 line.  
 
2.2 mbm germline mutant border cells showed strong migration delay  
      In germline mutant clone screen, the border cell migration is delayed in germline 
clone of line FRT-l(2)SH1819. GFP negative clone of FRT-l(2)SH1819 recapitulated the 
phenotype (Figure 2.1A). Sequencing of the flanking genomic region by inverse PCR 
showed that the p-element is inserted in the first exon of mbm (mushroom body 
miniature). In complementation test, FRT-l(2)SH1819 failed to complement with another 
hypermorph allele mbm1, confirming that the lethality of FRT-l(2)SH1819 is caused by 
the insertion in mbm. Immunofluorescence with monoclonal antibody against Mbm 
revealed that Mbm is a nuclear protein (Figure 2.1D). Western blot showed that Mbm 
was a 87 kDa protein, which was absent from FRT-l(2)SH1819 (Figure 2.1C), indicating 
that FRT-l(2)SH1819 carries a strong loss-of-function allele of mbm. In mbm
1819
 germline 
mutant egg chambers, migratory border cell clusters formed at both anterior end and 
posterior end, and both clusters migrate towards the center of the egg chambers (Figure 
2.1B). The penetrance of the phenotype is high (83%, n=47). This phenotype has never 
been reported for other mutations. Mbm is a RNA binding protein and the downstream 
target is unknown. The mbm
1
 mutation results in grossly reduced mushroom bodies and 
odor learning deficits in females (Heisenberg et al. 1985; de Belle and Heisenberg 1996). 




The most obvious feature of the Mbm protein is a pair of C2HC zinc fingers, implicating 
a function of the protein in binding nucleic acids. Mbm1 has been used in behavior 
studies( ). Besides being expressed in border cells, Mbm is also expressed in other 
tissues. Raabe et al. showed that Mbm is also expressed in neuroblasts and localizes to a 
distinct subcellular localization in different development stages (Raabe et al. 2004). 
Immunofluorescence with polyclonal antibody against a small peptide of Mbm (Raabe et 
al. 2004) showed that Mbm localizes in nucleus but does not colocalize with DAPI 
staining (Figure 2.1E), supporting Mbm may be an RNA binding proteins. In the wild 
type, the oocyte inhibits the posterior polar cells to adopt an anterior cell fate. The 
presence of posterior border cell clusters prompts the question whether the oocyte is 
specified in mbm
1819
 germline mutant egg chamber. To answer this question, mbm
1819
 
germline mutant egg chambers were costained with DAPI and WGA. WGA stains 
nuclear envelop specifically. The DNA in the oocyte is condensed (Figure 2.1F) and 
hence can be differentiated from the nuclei of nurse cells. In mbm
1819
 germline mutant 
egg chamber, oocyte is either not specified or markedly undeveloped (Figure 2.1F). 
Furthermore, the number of nurse cells is variable (8-20) in mbm
1819
 germline mutant egg 
chambers, whereas there are 15 nurse cells in wild type egg chambers (Figure 2.1G). This 
defect might be due to the proliferation function of Mbm (Raabe et al. 2004). 
        Since Mbm is a putative transcription factor with unknown downstream target and it 
seems to affect the patterning of oogenesis rather than border cell migration. I have not 
pursued the gene further.           
          Another line has been investigated in details and described below. 




    
 
Figure 2.1 Germ line mutant for mbm
1819
 affects oocyte patterning. Absence of GFP is an 
indication of mutant clone. (A) In germline mutant clone for mbm
1819
, border cell 
migration is perturbed. (B) Egg chambers were costained with FasIII antibody 
(marker of polar cells), Slbo antibody (markering border cells) and Mbm antibody. 




Two border cell clusters formed in mbm germline mutant clone. Absence of Mbm 
staining in germ cells is an indication of mutant clone. (C) Western blot test of 




, cellular extracts were loaded in 
gradient for mbm
1
 and wild type control. Arrows indicate wells with comparable 
amount of protein loading. (D) Mbm protein is undetectable in mbm
1819
 mutant 




a strong allele of mbm. (E) Mbm protein is 
nuclear and does not colocalize with DAPI. (F) In mbm1819 germ line mutant egg 
chambers, oocyte is either not specified or undeveloped. Arrows indicate nuclei of 
oocytes. Red, WGA.(G) Quantification of number of nurse cells. Scale bars, 20 
µm. 
 
2.3 FRT-l(2)SH 1750 homozygous border cells show migration defect 
FRT-l(2)SH1750 is the second mutant line showed strong border cell migration defect 
in somatic mutant clone. In severe cases, border cell mutant clones remained at anterior 
end of the egg chamber at stage 10 (Figure 2.1 A right). FRT-l(2)SH1750 was then 
crossed with hs; FRT40, UbiGFP to generate GFP negative mutant clones to confirm the 
border cell migration defect. To increase the efficacy of homologous recombination, heat 
shock was given three times from 2
nd
 larval stage. 4-5 days old females were dissected 
and ovaries were fixed and stained with DAPI and phalloidin. FRT-l(2)SH1750 
homozygous border cells showed strong border cell migration delay. Mutant border cell 
clusters were rare and a total of 14 full border cell clones at stage 9 were recovered. 12 of 
them showed strong migration delay. The other 2 showed mild delay. Border cell 
migration delay were not seen in the control egg chambers (100%, n=33). 19 full mutant 
border cell clones at stage 10 were also recovered, by which time the border cell cluster is 
expected to have reached oocyte. 3 of the 19 mutant clusters migrated normally and had 
reached oocyte, while the remaining 16 showed various degrees of migration delay. 5 
clusters did not initiate the migration. In addition, 7 mutant clusters migrate less than half 
of the expected distance. These data indicate that the disrupted gene in FRT-l(2)SH1750 




plays important role in border cell migration, which is also important for the initiation of 
border cell migration. 
  During the clone analysis, germline clones were also generated, which allowed me to 
examine the non cell-autonomous effect of the mutation. In wild type control, all border 
cell clusters (100%, n=88) have arrived at oocyte at stage 10 (figure 2.2). Whereas in 
germline mutant clones for FRT-l(2)SH1750, only 60% (n=45) border cell clusters 
reached oocyte. In 7 (15.5%, n=45) germline mutant egg chambers, border cells migrated 
less than half of the expected distance. Another 11 (24.4%, n=45) germline mutant egg 
chambers showed mild migration defect. A border cell migration defect in germline 
mutant egg chambers indicates that apart from the cell-autonomous requirement in border 
cell migration, the gene mutated in FRT-l(2)SH1750 is also required in the germline for 
border cell migration. 
According to the genome annotation, the p-[lacW] in FRT-l(2)SH1750 is inserted in 
the first exon of CG5885, which encodes a novel gene of unknown function. However, 
FRT-l(2)SH1750 complemented deficiency lines uncovering CG5885, which means the 
lethality is not caused by p-element insertion at CG5885. Furthermore, border cell mutant 
clone of CG5885 showed normal migration (data not shown), suggesting that the border 
cell migration defect in FRT-l(2)SH1750 was not due to the p-element insertion in 
CG5885, either. Eye color of the FRT-l(2)SH1750 flies is dark red, while P-[lacW] 
always renders orange eye color. Multiple insertions might occur during remobilization 
of the p-element. FRT-l(2)SH1750 was then crossed with If/Cyo line to separate out other 
potential insertions from the one at CG5885.  Progenies of the cross have three kinds of 
eye colors, white, orange and red. The recombination rate between the two p-element 




insertions is 23.2%. CG5885 falls in 30E4 on the left arm of the second chromosome. 
Therefore, the second insertion was accordingly narrowed down to 38A-38C. 
Complementation test between FRT-l(2)SH1750 and small deletions uncovering 2L38A-
38C was subsequently conducted and 
 
Figure 2.2 The gene disrupted in FRT-l(2)SH1750 is important for border cell migration. 
(A)X-gal stained stage 10 egg chamber. Arrows indicate the border cell cluster. 
Arrow heads indicate the centropetal cells. X-gal staining in centropetal cell is a 
characteristic of stage 10 egg chamber. Failure of border cells to reach centropetal 
cell at stage 10 is the major criteria to judge migration delay. The upper egg 
chamber is from control and the lower from FRT-l(2)SH1750. Anterior is to the 




left. Scale bar, 20µm. (B) Nomal clone examination of FRT-l(2) SH1750. 
Homozugous mutant cells are marked by the absence of GFP. Arrow indicates 
border cell cluster and arrow head indicates the distance border cells are expected 
to migrate. (C) The quantification of border cell migration. The upper panel shows 
how to quantify the border cell migation in stage 9. The middle panel is the 
quantification of migration at stage 9 for control and mutant border cells. The 
bottom panel shows the quantification of border cell migration in stage 10 egg 
chambers. (D) F-actin is reduced in FRT-l(2)SH1750 mutant cells. GFP is absent in 
mutant cells.   
 
Figure 2.3 Border cell migration shows delayed phenotype in FRT-l(2) SH1750 germline 
mutant clones. (A)(B)The GFP is absent in homozygous mutant germline clones. 
Arrow indicates border cell clusters and the dotted line shows the expected position 
of border cell clusters. (C) Quantification of border cell migration in stage 10 
germline mutant egg chamber. 
 
the lethality causing mutation in line FRT-l(2) SH1750 was narrowed further down to a 
small region 38C6-38C7 (Figure 2.4). In this region, Arc-p34 is the only lethal gene with 
available amorph allele. Complementation test showed that FRT-l(2) SH1750 failed to 
complement with Arc-p34 amorph allele Arc-p34
KG04658
, which is also a p-element 




insertion line, associating the lethality of line FRT-l(2) SH1750 to a disruption of gene 
Arc-p34, one of the Arp2/3 complex subunits. To confirm that the defect in border cell 
migration cause by FRT-l(2)SH1750 is also associated with the disruption of Arc-p34, 
border cell migration in mosaic clones of Arc-p34 with the allele of Arc-p34
KG04658 
was 
also tested. The migration defect in FRT-l(2)SH1750 mutant clones was recapitulated, 
confirming that both the lethality and border cell migration defect in  FRT-l(2)SH1750 
are due to the disruption of Arc-p34. Because the line Arc-p34
KG04658
 has been 
successfully used in previous studies on Arc-p34, later genetic experiments in this study 
were conducted with this allele.  
          Arc-p34 is Drosophila homolog of ARPC-2, one of seven subunits in Arp2/3 
complex. Branched actin network mediated by Arp2/3 complex is essential for the 
organization of cortical actin meshwork. Arp2/3 has been demonstrated to be important 
for the formation and maintenance of ring canal, an intercellular channel structure, 
through which nurse cells exchange intracellular components (Rogers et al. 2003). If 
Arp2/3 complex is lost in the germ line, mutant egg chambers, ring canal are rarely 
observed and small, most of the ring canals collapse and the ring structure is missing. 
This result is consistent with previous reports and confirmed that the insertional mutation 
in FRT-l(2) SH1750 disrupts Arc-p34, one important subunit of Arp2/3 complex. In 
FRT-l(2) SH1750 mutant follicular clones, the basal actin network in mutant epithelial 
cells was reduced (Figure 2.2 D). The cortical actin network is also not continuous in 
mutant follicle cells. This supports idea that Arc-p34 is disrupted in FRT-l(2) SH1750, 
because Arp2/3 mediated actin is the major components of cortical actin meshwork. 
 





Figure 2.4 Complementation test between FRT-l(2)SH1750 and small deletions 
uncovering 38A-38D. FRT-l(2)SH1750 complements with ED8679 and 
Exel7851 but does not with Exel7528, which narrowed the mutation in FRT-
l(2)SH1750 to 38C6-C7. In this small region, there are 8 open reading frames 





Figure 2.5 Abnormal oogenesis in FRT-l(2) SH1750 mutants. (A) Single egg chamber 
stained to show nuclear arrangement (nuclei stained with DAPI and actin stained 
with phalloidin). Nurse cells distribute evenly in compartments delineated by 
plasma membrane. (B)In contrast, a FRT-l(2)SH1750 mutant egg chamber 
displays a multinucleate phenotype with disrupted nurse cell membrane (arrows). 
(C) and (D)  ring canals visualized with phalloidin staining. In contrast to the wild 
type ring canal structure (arrows in C), FRT-l(2)SH1750 ring canals (arrows in D) 
are often occluded. Bar: 100µm. 
 
2.4 MARCM clone analysis of Arp2/3 subunits  




       The Arp2/3 complex is important for morphogenesis in various developmental 
systems, but the specific functions of this complex in cells are not well understood.  The 
Arp2/3 complex has been found to be important for border cell migration in previous 
studies by our group. Somogyi and Rorth found that border cell migration is significantly 
delayed if either SOP2 (ARPC1) or Arp3 function is lost (Somogyi and Rorth 
unpublishes data). These data demonstrated that the Arp2/3 complex is important for 
border cell migration. The similarity of phenotype caused by distinct subunits indicates 
the requirement of Arp2/3 is complex dependent and the integrity of the complex is 
essential for its function. Arp2/3 complex is inactive on its own. WASP and WAVE are 
native activators of Arp2/3 complex. SCAR is the only WAVE protein in Drosophila. 
Zallen et al. genetically analyzed the function of SCAR and Arp2/3 in multiple cell types 
in Drosophila and they demonstrated requirements for SCAR and Arp2/3 complex, but 
not WASP activity, in the blastoderm, CNS neurons, egg chamber and adult eye (Zallen 
et al. 2002). Therefore they concluded that SCAR is a primary regulator of Arp2/3 
dependent actin events (Zallen et al. 2002). Beccari et al. also found that border cell 
clusters homozygous mutant for SCAR are strongly delayed (Beccari 2003), a similar 
phenotype to mutant for the loss-of-function of Arp2/3. Therefore, Arp2/3 complex 
activity is required for normal border cell migration, as opposed to just being a scaffold.   
  Arc-p34 mutant border cells displayed migration defects as well as initiation defects. 
The migration defect observed could either be due to a delayed initiation or due to 
inefficient migration or both. To investigate whether Arp2/3 is required for the migration, 
after initiation of migration, I have manipulated the activity of the Arp2/3 complex and 
determined its effect on directional migration. In vitro studies have shown that inhibition 




of Arp2/3 complex diminishes actin filaments dynamics at the leading edge of migrating 
cells. This would reduce the formation of cell protrusions and consequently inhibit cell 
motility. To abolish the function of Arp2/3 complex in border cell cluster, mosaic clones 
using the mosaic analysis with a repressible cell marker system (MARCM) (Lee and Luo 
2001) were generated and examined by live imaging. MARCM was first developed in an 
effort to label single neurons in D. melanogaster brain (Lee and Luo 2001). It is a genetic 
technique for creating individually labeled homozygous cells in an otherwise 
heterozygous context. In my experiment, I used slbo-GAL4 to drive a neutral 
ubiquitously expressed GFP. GFP is expressed specifically in mutant border cells. 
Homologous recombination is induced by heat shock at larval stage, to increase the 
efficiency of clone generation. To understand the role of Arp2/3 complex in border cell 
migration, SOP2 (Suppressor of profilin 2, also known as ARPC1) and SCAR were also 
included in analysis. 
 I first examined wild type MARCM clones. In the wild type control, the border cells 
form a compact cluster and delaminate from the follicle cells at stage 9.  After detaching 
from the epithelium, the cluster migrates between nurse cells toward the oocyte. At early 
stage, the cluster moves in a “sliding” fashion. The cluster elongated and polarized with 
an obvious front and back. The migration involves protrusive activity primarily at the 
leading cells. Cellular protrusions dominantly form at front side in the direction of 
migration. The behavior of the cluster at late phase was generally different from that at 
early phase. The directional movement during the late phase was mingled with 
intermittent “tumbling” behavior, in which the cluster appears to loses polarity and 
become rounder in shape. The tumbling cluster formed rare protrusions and moved 




randomly with little net migration. After they reached oocyte at stage 10, the border cell 
clusters migrated toward dorsal part of the egg chamber. In Arc-p34 MARCM clones, 22 
out of 29 mutant border cell clusters failed to initiate the migration. MARCM experiment 
confirmed that Arc-p34 was required for initiation of border cell migration. However, 
mutant clusters were still motile. Instead of moving posteriorly, the mutant border cell 
clusters just rotated in situ. Mutant border cells were still capable of forming extensions 
(Figure 2.6D), suggesting that Arc-p34 may be not essential for the formation of cellular 
protrusions. SOP2
Q25 
is a loss of function mutation with a nonsense mutation at Gln25 
(CAG→TAG) (Hudson and Cooley 2002). MARCM clone analysis on SOP2Q25 showed 
that 7 out of 9 mutant clusters did not migrate, which is consistent with the Arc-p34 
MARCM result. The strong phenotype in Arc-p34
KG04658
 mutant border cells suggests 
that it is most likely a strong loss of function allele. SCAR
Δ37 
is also a loss of function 
excision allele, which removes the total ORF of SCAR. SCAR MARCM clones gave a 
phenotype similar to that of Arp2/3, in which most (9 out of 12) did not initiate the 
migration at all. Therefore, the border cell migration defects in Arc-p34, SOP2 and 
SCAR mutant clones are due to the loss of Arp2/3 activity. 
  In addition, another striking phenotype is that a fraction of Arc-p34 homozygous 
mutant border cell clusters failed to invade into the nurse cells cluster (Figure 2.6D right). 
Border cell clusters formed and rotated in these egg chambers but did not send out 
extensions. This maybe is caused by the loss of invasive ability in mutant border cells. 
However, the adjacent follicle cells of border cells in these egg chambers are also 
mutants (Figure 2.6D right). Therefore, the non-cell autonomous effect from neighboring 
cells cannot be ruled out.  




       While this approach shows that loss of Arp2/3 function gives strong initiation defect, 
it does not yet address the involvement of Arp2/3 in later migration. In addition, the 
efficiency of mutant clone generation is low in MARCM system, which makes obtaining 
of many movies of migrating mutant border cells laborious and inefficient. 
 
                 
D 




                  
Figure 2.6 MARCM clonal analysis of Arc-p34. (A) Scheme of MARCM clone generation.  
MARCM requires (i) two FRT sites located at the same position on homologous 
chromosomes, (ii) GAL80 located distal to one of the FRT sites, (iii) FLP 
recombinase located anywhere in the genome, (iv) GAL4 located anywhere in the 
genome except distal to the FRT site on the FRT, GAL80 recombinant chromosome 
arm, (v) UAS–marker located anywhere in the genome except distal to the FRT site 
on the FRT, GAL80 recombinant chromosome arm, and optionally (vi) a mutation 
distal to FRT, in trans to but not on the FRT, GAL80 recombinant chromosome 
arm. Site-specific mitotic recombination at FRT sites (black arrowheads) gives rise 
to two daughter cells, each of which is homozygous for the chromosome arm distal 
to the FRT sites. Ubiquitous expression of GAL80 represses GAL4-dependent 
expression of a UAS–marker (GFP) gene. Loss of GAL80 expression in 
homozygous mutant cells results in specific expression of GFP. [Adapted from Lee 
and Luo.] (B) Time lapse images showing border cells (in green) migration in 
control MARCM clone. (C) Border cell migration failed to initiate in 100-minute 
duration of video in Arc-p34 mutant clones (in green). (D) Left, Arc-p34 mutant 
border cell cluster invaded between nurse cells, but did not delaminate. Right, 
dotted line delineated the outline of migratory Arc-p34 mutant border cell cluster. 
Arrows indicate neighboring non-migratory Arc-p34 mutant follicle cells. 
 
2.5 AFG RNAi of Arp2/3 subunits and SCAR  
        An alternative approach to genetically manipulate endogenous Arp2/3 is to reduce 
the expression of Arp2/3 by RNA interference (RNAi). As complex integrity is essential 
for the activity of the Arp2/3 complex, reducing levels of any one of the subunits will 
lead to the reduction of the complex levels. Actin flip-out Gal4 (AFG)/RNAi system 
(Figure 2.7A, Material and Methods 4.8) (Basler et al. 1993) can drive the expression of 
RNAi at early oogenesis stage at high levels due to high transcription activity of actin 
promoter. Arc-p34, SOP2 and SCAR were individually knocked down by RNAi in this 
experiment. 
 





Figure 2.7 Reduction of Arp2/3 complex subunits or SCAR protein level delayed border 
cell migration. A. the scheme of actin flip-out system. B, C. AFG (Actin Flipout 
Gal4) RNAi of Arc-p34 caused strong border cell migration defect. Arrows 
indicate border cell clusters and the solid circle in C indicates the expected position 
of border cell cluster. D, E. Score of border cell migration in late stage 9 and stage 
10, respectively. 
 
       To establish the efficacy of the different RNAi constructs, I first examined their 
effect on border cell migration in fixed tissue. In the wild type control, most of border 
cell clusters did not show any migration defect at late stage 9 (96%, n=55) (Figure 2.7 D) 
and stage 10 (99%, n=248) (Figure 2.7E). However, when the level of Arp2/3 
components was reduced via knockdown of either Arc-p34 or SOP2, the migration was 
severely delayed. At late stage 9, a considerable fraction of border cells have not yet 
initiate migration (Arc-p34 62%, n=49; SOP2 43%, n=33) (Figure 2.7D). All border cell 
clusters depleted of Arc-p34 showed some extent of migration defect. 2 out of 26 SOP2 




knock down egg chambers showed normal border cell migration without obvious defect. 
Manipulation of SCAR gave similar migration phenotypes. When SCAR is reduced by 
RNAi, 94% of affected border cell clusters showed migration defect (n=33), with 21 
(64%) clusters not initiating migration (Figure 2.7D). At stage 10, Arp2/3 components 
and SCAR depleted clusters showed less severe migration defect compared to late stage 
9. 57% (n=233) of Arc-p34 RNAi, 66% (n=167) of SOP2 RNAi and 73% (n=238) SCAR 
RNAi clusters had completed migration (Figure 2.7E), showing that given sufficient time, 
RNAi manipulated border cells were able to initiate and complete migration. However, 
the fraction of delayed border cell clusters in manipulated egg chambers is still 
considerable (Arc-p34 43%; SOP2 34%; SCAR 27%). Taken together, RNAi 
experiments demonstrated that Arp2/3 activity is dosage dependent and reduction of the 
complex level disturbs its normal function. This is not consistent with the previous idea 
that Arp2/3 activity is difficult to manipulate by RNAi because residual Arp2/3 has 
sufficient functional activity (Pollard 2007). The discrepancy might be due to different 
cell types used. In addition, SCAR depleted border cell clusters showed similar migration 
defect as those Arc-p34 and SOP2 reduced ones, consistent with the postulation that 
SCAR is the primary regulator of Arp2/3 complex (Zallen et al. 2002). However, the 
migration defect in SCAR RNAi is weaker than that in Arc-p34 and SOP2 RNAi (Figure 
2. D E). 73% of SCAR depleted border cells reached oocyte at stage 10. The possible 
explanation is that as an activator of Arp2/3, SCAR recycles therefore is not as sensitive 
as Arp2/3 to dosage change. Alternatively, the RNAi construct against SCAR might be 
not efficient as those targeting Arc-p34 and SOP2.  
 




 2.6 Live image analysis of Arp2/3 and SCAR RNAi 
Next I analyzed the dynamic movement by live imaging to investigate the 
requirement of Arp2/3 in subsequent movement after initiation. 
     To investigate the migrating behavior of Arp2/3 depleted border cells, time lapse 
imaging was used to analyze the AFG RNAi clones. Since the speed of border cell 
migration is variable, even in wild type egg chambers, multiple egg chambers are 
necessary for quantification. 
 
              
Figure 2.8 AFG RNAi of Arc-p34 showed initiation defect and dramatic migration defect. 
A. Wild type control. Genotype is hsFLP/X, AFG/+; UAS-GFP/+. B. AFG RNAi 
of Arc-p34. Genotype is hsFLP/X; AFG/+; RNAi
Arc-p34
/UAS-GFP. Scale bar is 
50µm. 
  




         In AFG RNAi system, due to the high efficiency of heat shock induced FLP 
recombinase, the cassette is removed shortly after the induction of FLP by heatshock. 
GAL4 is subsequently highly expressed under the control of actin promoter. So, GAL4 
expression can be temporally controlled and the efficiency is high. I first examined 
border cell migration in movies of wild type control. In AFG wild type egg chambers, 
nearly all follicle cells are GFP positive, an indication of high activation efficiency of the 
AFG system. From the onset of stage 9, the border cells around polar cells at anterior 
undergo cell shape change. They set up a new internal polarity and exhibit an elongated 
cell shape. Cellular extensions usually formed at the front of the leading cell. The 
movement behavior is similar to that observed in MARCM wild type control.  
             Follicle cells depleted of either Arc-p34 or SOP2 retracted towards oocyte 
normally, suggesting that follicle cell retraction is less dependent on the Arp2/3 complex. 
A fair proportion of Arc-p34 or SOP2 depleted border cells didn’t initiate the migration 
even at late stage 9. This result is consistent with the data from fixed tissue. Arp2/3 knock 
down border cells form cluster at the anterior end of egg chambers and has delaminated 
from epithelium, but could not efficiently sever the attachment to the epithelium. Since 
border cell migration involves invasion of the cluster between the nurse cells, the failed 
detachment could either be due to tethering at the anterior tip or loss of invasion ability in 
Arp2/3 knock-down border cells.  
        Arp2/3 is important for border cell clusters to initiate the migration, the mechanism 
has yet to be determined.  Cellular extension in motile cells are believed to sense 
extracellular guidance cues. Fulga and Rorth showed that long cellular extensions are 
required for the initiation step of border cell migration (Fulga and Rorth 2002). F-actin is 




essential for the formation and maintenance of cellular extensions. Considering the 
importance of Arp2/3 complex in the formation of branched F-actin network, initiation 
defects in Arp2/3 knockdown border cell clusters may be due to the deficiency of long 
cellular extensions. In Arp2/3 depleted egg chambers, border cells remain motile and able 
to send out protrusions. I analyzed 29 egg chambers with severe initiation defects at late 
stage 9. Cellular extensions were not detected during 2-hour movies in 18 egg chambers. 
Four out of 29 clusters sent intermediate length extensions (10-20 µm) and 7 border cell 
clusters formed extensions shorter than 10 µm. The overall extension length in Arp2/3 
depleted border cells with initiation defect is 8.9µm (±1.7µm), which is much shorter 
than thought to be important for initiation of migration (20-40µm) (Fulga and Rorth 
2002). Thus, lack of long cellular extension may result in the failure of migration 
initiation.  
       About 40% (n=48) of Arp2/3 depleted border cell clusters succeeded initiating the 
migration, but the migration was significantly delayed at middle even late stage 9. The 
nurse cells become opaque at stage 10 due to accumulation of lipid droplets. The GFP 
signal from embedded border cells is consequently greatly weakened because of 
scattering by nurse cells. Therefore, stage 10 egg chambers were not included in the 
subsequent analysis. Thus the available movies of ARP2/3 knock down border cells only 
represent the first half migration. 
 
2.7 Arp2/3 depleted border cells move more slowly   
      To determine whether Arp2/3 knockdown border cell cluster migrate slow, I initially 
measured the overall cell migration speed.  




     Migration speed was measured automatically with a method developed by Dr. Adam 
Cliffe in our group. The speed of the center of mass of the cluster body was calculated 
and represents the speed of the whole cluster.   
        In wild type control, border cells move posteriorly at high speed (0.91µm/min) after 
detachment from the anterior end. The cluster is initially polarized, with a clear front and 
back. The whole cluster exhibits elongated shape, leading by one single cell. Cellular 
extensions often form at the leading cell, though other cells also have the capability to 
send cellular extension. To understand whether the migration is affected by Arp2/3 
complex, migration speeds were compared between Arp2/3 depleted border cells and 
control ones. Border cells migrate at 0.9µm/min in wild type control at early phase, 
which is comparable to the results in previous study (Bianco et al. 2007). However, 
border cells actively change their positions at late phase of migration, which causes the 
tumbling behavior for the whole cluster. It appears that the cluster loses guidance and 
reassesses the environment by tumbling (Bianco et al. 2007). During this tumbling phase, 
the cluster still moves forward in a rotating instead of a gliding manner at a lower net 
forward speed of 0.4µm/min. I then examined Arp2/3 reduction border cell clusters. After 
the initiation of migration, the RNAi clusters also maintain an elongated cluster shape 
and move forward. Cellular extensions can be formed in these clusters. However, Arp2/3 
disrupted border cells enter tumbling stage earlier than control and they remain this 
tumbling behavior longer than control border cells, in some cases this stage persists 
through the whole 2-hour movie. Consequently, the resulted migration speed for the first 
half migration is much slower than control (0.15µm/min, n=27; 0.29 µm/min, n=24 and 




0.36 µm/min, n=35 for arc-p34, SOP2 and SCAR respectively). The speed difference 
between 
 
Figure 2.9 Arp2/3 activity affect border cell migration via reducing directionality. A. The 
net translocation speed decreased if Arp2/3 activity is compromised. Error bars 
indicate SEM in this and all following analysis.  B. Tracking of cell migration path 
from a control cluster (left) and an Arc-p34 knock down cluster. Circles indicate 
the initiating position of the migration. C. Speed analysis showed the cell motility 
is normal but the movement rate reduced in Arp2/3 depleted border cell clusters. 
n=7-12. D. Directionality is defined as the translocation distance divided by 
migration path length.    
 




Arp2/3 disturbed border cells and control is significant (p<0.001). Therefore, Arp2/3 is 
not only important for initiation, but also vital for the subsequent movement. Without 
sufficient Arp2/3 activity, border cell clusters move at much slower speeds. 
 
2.8 Cell motility is intact in Arp2/3 depleted border cells 
         Cell culture studies indicated that Arp2/3 mediated actin dynamic drives the 
formation of protrusions, which provides the migrating cell motility. To investigate 
whether the migrating speed change is due to a disruption of cell motility by Arp2/3 
complex, I manually tracked single border cell during migration. The center of the 
nucleus of each border cell was tracked in 3D. Due to the low resolution on Z axis, the 
track is projected to XY plane and the speed is calculated in this plane. Cell speed was 
calculated by dividing the displacement between the adjacent time-points by the time 
interval. Net speed was calculated by dividing the displacement from beginning to the 
end of migration by the total migration time. In wild type, average cell speed is 
1.05µm/min (Figure 2.9 C). Single cell speed does not change much if Arc-p34, SOP2 or 
SCAR is knocked down in border cells (Arc-p34 0.97µm/min; SOP2 1.02 µm/min; 
SCAR 1.07 µm/min). The differences are not statistical significant. I therefore conclude 
that the border cell motility is not affected by Arp2/3 complex activity. However, if 
Arp2/3 components or SCAR are perturbed, the net speed of affected border cells 
decreased significantly (Figure 2.9C). In analysis of single cell migration, directionality is 
defined as net displacement divided by total cell migration distance. Directionality index 
is between 0 and 1. 1 meaning the cell migrates in a straight line. If the cell migrates 
randomly, the directionality index will be close to 0.  Therefore, the directionality index 




reflects the persistence of the directional migration. In wild type control border cells, the 
average directionality is 0.4. If Arp2/3 activity is compromised, the directionality of 
border cell migration decreased considerably (Arc-p34 0.19, SOP2 0.20, SCAR 0.30, 
p<0.001).  In summary, the reduction of migration speed of the Arp2/3 silencing border 
cells is not caused by an alteration of single cell motility, but results from a decrease in 
directionality of the migration.  
  
2.9 Extensions formed less in Arp2/3 and SCAR reduction border cells  
     Border cells undergo dramatic cell shape change during migration, one main feature of 
which is the formation of long cellular protrusions. Cellular extensions are essential for 
the motility of border cells. However it is not clear whether the cellular extensions seen in 
border cell are homologous to the lamellipodia of cell culture or they represent a different 
structure. Given the importance of cellular extensions in cell migration and the role of 
Arp2/3 complex in lamellipodia formation, it is logical to examine the dynamics of 
cellular extension in Arp2/3 depleted border cells.   
           The straightforward question is whether the Arp2/3 complex affects the formation 
of cellular extension. To answer this question, various features of cellular protrusions 
have been analyzed in many movies. In an automated processing method developed by 
Adam Cliffe in our group, the volume of border cell cluster is projected to 2D plane. The 
projected area is explored by a ball with a diameter 10 µm, a little larger than the 
diameter of a border cell nucleus. Protrusions are then defined as the region that cannot 
be explored by the ball. Tiny protrusions smaller than 30 µm
2 
are ignored. Extensions in 
all time-point of a movie were automatically analyzed with this method.  




       First, I measured the number of cellular extension at each time-point. Extensions 
were divided into 3 categories based on their protruding orientations relative to the 
migration direction: front, which is consistent with the migration direction; side, which is 
perpendicular to the migration direction; and back, which is opposite to the migration 
direction (Figure 2.10 A). The side extensions were underrepresented because extensions 
along Z-axis were not captured.  In wild type control movies, each border cell cluster has, 
on average, 0.73 front extensions per time-point (Figure 2.10 B). However, the number of 
cellular extensions at the front side of Arp2/3 depleted border cells decreased 
dramatically (Arc-p34 0.40, SOP2 0.33, SCAR 0.58, p<0.001). Extensions at side and 
back are also reduced in Arp2/3 depleted border cell clusters significantly. However, 
cluster polarity is still maintained in Arp2/3 depleted border cells, displayed by the front 
biased distribution of cellular extensions (Figure 2.10 B). Taken together, the data here 
suggests that Arp2/3 depleted border cell clusters still preserve their polarity, but form 
fewer extensions. Knock down of SCAR also resulted in extension reduction to a lesser 
extent than Arp2/3 RNAi, consistent with its role of Arp2/3 activator. After nucleation of 
branched actin filament, Arp2/3 remains associated with pointed end of the nucleated 
actin filament. SCAR is released from branches and recycled for activation of more 
Arp2/3. Therefore, SCAR might be not as sensitive to the change of expression level as 
Arp2/3 complex. Alternatively, the weaker phenotype of SCAR RNAi might result from 
less efficiency of the RNAi line against SCAR.  
                  In summary, Arp2/3 plays important role in the formation of cell protrusions. 
The reduction of extension number in Arp2/3 knockdown border cell clusters may be 
caused by defects in extension formation or stability. 





     
 
Figure 2.10 The number, size and life time of extensions.  A. Scheme shows the categories 
of the extensions based on their direction.  B. Average number of extensions in 
each time-point of the movies. C. Average extension areas in pixels (pixel size is 
1µm
2
). D. Average life time of extensions in seconds. 
 
2.10. Extension lifetime is less affected by Arp2/3 complex 
      The lifetime of cellular extensions was also measured and compared. In Arc-p34 
silencing border cell clusters, the lifetime of extensions decreased significantly compared 
to wild type control (Figure 2.10D). However, this result is not consistent with SOP2 and 
SCAR silencing border cell clusters, in which the lifetime of extensions showed no 
significant difference with that of wild type control. In addition, no change has been 
detected in the life time of side and back extensions (Figure 2.10D). The discrepancy 
 




between Arc-p34 and SOP2 and SCAR imply that besides the actin filament branching, 
Arc-p34 may affect other aspects of the protrusions. Taken together, the results suggest 
that Arp2/3 complex is important for the outgrowth of cellular extension but has less 
effect on lifetime of formed extensions. This disagrees with those studies in vivo and in 
cell cultures, which showed that Arp2/3 complex is essential for the maintenance of 
cellular extensions. I conclude that the reduction of extension frequency in Arp2/3 knock 
down border cells results from an outgrowth defect instead of stability defect. 
      To understand the function of extensions in border cell migration, the size of 
protrusions were also compared between Arp2/3 compromised border cells and control 
border cells. No significant difference was revealed (Figure 2.10C). Therefore, the 
reduction of the outgrowth frequency of extensions, especially at the front, contributes to 
the speed decrease in affected border cells.  
 
2.11. The productivity of extensions in Arp2/3 depleted border cells 
      While the front extension frequency in Arp2/3 compromised border cells decreased 
44%, the migration speed of the cells decreased 84%, suggesting that the reduction in 
extension number alone does not completely account for the decrease of the migration 
speed. Analysis of wild type border cell movement by our group observed a positive 
correlation between the migration speed and the size of front extensions (Poukkula et al., 
unpublished data).  I also examined the productivity of the extensions under the Arp2/3 
perturbing condition. In this analysis, only front extensions were considered. 
Measurement revealed that the productivity of extensions in Arp2/3 depleted border cells 
is significantly reduced compared to wild type (p<0.005) (Figure 2.11).  Therefore, in 




addition to the reduction of extension number in Arp2/3 depleted border cells, the 
productivity of the remaining extensions in affected border cells is simultaneously 
decreased. Both together may account for the reduced migration rate seen in Arp2/3 
knock down border cells. 
 
                   
Figure 2.11 The productivity of cellular protrusions is reduced if Arp2/3 is depleted from 
border cells. The productivity of extensions is calculated by dividing the X-axis 
velocity by the front extensions area in the previous time-point. Extensions in 
Arp2/3 knock down border cells displayed less productivity than control.  
 
2.12. Early phase and late phase are guided by different mechanisms 
       The AFG system drives RNAi expression at early oocyte development and at high 
level. Consequently, the observed migration defect is very severe, and Arp2/3 depleted 
border cell rarely finish the first part of migration. Those clusters found at the second half 
migration are generally unsuitable for analysis, due to the low GFP signal intensity. To 
reduce the RNAi silencing efficiency, I drove the RNAi expression by slbo-GAL4. Slbo 
expression starts at early stage 9 and expression increases as the egg chamber develops 
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function at the beginning of early stage 9. Slbo is also expressed in centripetal cells at 
stage 10 egg chambers.  
 
Figure 2.12  Knocking down Arp2/3 complex caused migration phenotype.  A. A wild type 
egg chamber and an Arc-p34 knock down egg chamber expressing 10XGFP 
(green) were stained with phallodin (red) and DAPI (blue). B,C. Quantification of 
border cell migration in late stage 9 and stage 10.   
 
 
   When Arp2/3 RNAi is driven by slbo-Gal4 in border cells, the migration defect is 
less severe than that of AFG RNAi border cells (Figure 2.12 A). With slbo-Gal4 driven 
RNAi, Arp2/3 knock down border cell clusters rarely fail to initiate migration at stage 9 
(Figure 2.12 B). However, the majority of Arp2/3 depleted border cells displayed obvious 
migration delays. These data demonstrate that the initiation of migration is not severely 
affected, maybe because slbo-Gal4 expression is late. Strikingly, the subsequent 
migration is largely disturbed. In wild type egg chambers, border cells have arrived at 




oocyte by stage 10 (100%, n=175) (Figure 2.12 C). Whereas Arp2/3 depleted egg 
chambers, there are still 10% border cell clusters showed migration defect (Figure 2.12 
C), confirming the requirement of Arp2/3 activity in border cell migration. 
                    
Figure 2.13 Knocking down Arp2/3 complex decreased border cell migration speed. A. 
Arc-p34 RNAi caused border cell migration delay. B. Net movement of border 
cell clusters with slboGal4, UAS-10xGFP/+ (control) and the indicated UAS-
RNAi transgenes. C.Single cell speed and net dislocation rate obtained by 
mannual cell tracking. Directionality is obtained by dividing the translocation 
distance of the cluster by travel path length. 





Figure 2.14 Analysis of number, length, size and life time of cellular extensions in slbo-
Gal4 RNAi border cells. The extensions are classified as in figure 2.10 A. Aa and 
Ab shows the number of extension for early phase and late phase of migration, 
respectively. Ba. Average length of extensions in µm. Bb. Average area of 
extensions in pixels (1 pixel= 1µm
2
 ). Bc. The average lifetime of extensions in 
seconds.  
 
       In the early phase of migration, the migration defect of slbo-Gal4 RNAi border cells 
is indistinguishable from that of AFG RNAi border cells. The average migration speed of 
Arc-p34 RNAi border cell clusters is significantly decreased (0.19µm/min) compared to 
wild type (0.68µm/min, p<0.001) and the speed is very close to that of AFG RNAi of 
Arc-p34 (0.24µm/min). Arc-p34 RNAi border cell clusters often lose polarity and 
become rounder in shape with rare cellular protrusions at the early phase of the 
migration. However, when I analyze the second half migration, I found that Arp2/3 
depleted border cell clusters regain polarity, shown by the elongated cluster shape, and 
the frequent formation of front extensions. Another striking phenotype is that Arp2/3 
RNAi clusters migrate at a significantly higher speed (0.26µm/min, p<0.005) in the late 




phase than in the early phase. This speed is comparable to the speed of the control border 
cells (0.31µm/min). Taken together, I conclude that there are two distinct mechanisms 
underlying border cell migration, one is dependent on Arp2/3 activity and is dominant in 
the first half of migration while the other one is less dependent on Arp2/3 and is 
dominant in the second half migration.  
          Cell tracking showed that movement rates remain constant in both early and late 
phases in both wild type and Arp2/3 RNAi backgrounds (Figure 2.13B). In wild type 
control, the net migration speed in early phase (0.88µm/min) decreased significantly 
(p<0.005) to 0.35µm/min in late phase while the cell motility remains intact, suggesting 
that the decrease in net movement speed from early phase to late phase might result from 
inefficient guidance of cell motility.  The cell motility appears to be an innate property of 
border cells, independent of Arp2/3 activity, and may be also independent of branched 
actin dynamics beneath the membrane. 
        To understand whether the change of requirement of Arp2/3 activity in early and 
late phase of migration is coupled to changes in extensions, I measured the features of 
extensions in early and late phase. First I examined the growth frequency of the front 
extensions at early migration phase (Figure 2.14A). In wild type control movies, the 
average number of front extensions at each time point is 0.54. Whereas, Arp2/3 depleted 
border cells extended significantly less front extensions (Arp2/3 0.18, SOP2 0.17, SCAR 
0.32, p<0.001). Furthermore, the number of extensions in other directions (side and back) 
is also decreased significantly in Arp2/3 RNAi border cells.  Overall, Arp2/3 is important 
for extension formation in all directions. Measurement of extensions number showed that 
Arp2/3 activity is also required for the extension formation at late phase (Figure 2.14 




Ab). If Arp2/3 levels are reduced in the late phase, the average number of extensions 
decreased (Arc-p34 0.24, SOP2 0.25, SCAR 0.19) compared to control (0.49) and these 
differences are significant (p<0.001).    
       Taken together, one of Arp2/3 activities is to promote the formation of extensions at 
both early phase and late phase. If Arp2/3 activity is compromised, the number of 
extensions decreased at both phases. 
      In early phase, both cluster movement rate and extension frequency decreased in 
Arp2/3 depleted border cells, implying a correlation between movement speed and 
extension. However, in the late phase, the movement did not change significantly though 
the number of extension reduced dramatically. So, how can we reconcile this 
discrepancy? My hypothesis is that one part of extensions in border cells is different from 
the other part. In another way, part of the extensions is Arp2/3 dependent, and the rest are 
Arp2/3 independent. Arp2/3 dependent extensions are dominant in early phase and 
contribute a lot to the forward migration. If Arp2/3 is perturbed in early phase, these 
Arp2/3 dependent extensions are reduced and the movement of the cluster is affected. 
However, the Arp2/3 dependent extensions are not dominant in late phase and contribute 
little to the migration. Whereas Arp2/3 independent extensions dominate the late phase 
and contribute mostly to the migration. Therefore, even though Arp2/3 dependent 
extensions are diminished in Arp2/3 RNAi border cells in the late phase, the net 
movement rate of the border cell cluster is not affected significantly. One may argue that 
the extensions seen in Arp2/3 RNAi clusters result from residual Arp2/3 activity. Two 
pieces of evidence argue against this view. First, the presence of extensions in Arp2/3 
loss-of-function mutant clones demonstrates an Arp2/3 independent mechanism of 




extension formation. Second, as egg chambers develop, slbo expression becomes 
stronger; hence the efficiency of RNAi should increase. However, the number of 
extensions formed in Arp2/3 knockdown border cells increases rather than decreases in 
the late phase of migration, arguing against residual Arp2/3 activity mediates extensions. 
     One prediction of the above hypothesis is that if Arp2/3 is silenced in border cells, 
most of the remaining extensions are Arp2/3 independent and they would show more 
similar features in early and late phase compared to wild type border cells.    
     In control border cells, the average length of extensions decreased 43% (from 
19.7±2.0µm to 11.2±0.6 µm) from early phase to late phase, while the length decreased 
20% in Arc-p34 RNAi (from 17.4±1.5µm to 13.8±0.8 µm) and 18% in SOP2 RNAi 
(from 15.0±1.4µm to 12.1±0.9 µm).  The extension size decreased 58% from early phase 
to late phase in control (from 236.5±31.2 pixels to 99.6±8.6 pixels), 21% in Arc-p34 
RNAi (from 195.5±25.7 pixels to 155.4±13.7 pixels) and 14% in SOP2 RNAi (from 
147.7±20.2 pixels to 127.5±13.9 pixels). The lifetime of extensions decrease 32% from 
early phase to late phase in control border cells (from 407.7±72.8s to 278.4±37.7s). 
Whereas this number is 20% in Arc-p34 RNAi (from 284.0±51.2s to 227.5±35.1s) and 
4% in SOP2 RNAi border cells (from 216±35s to 225.8±36.2s). Taken together, the 
extensions in Arp2/3 depleted border cells were more similar between early phase and 









2.13. Diaphanous is also important for border cell migration 
          Branched actin filaments and linear actin filaments dominate lamellipodia and 
lamellae respectively (Schirenbeck et al. 2005; Yang et al. 2007; Block et al. 2008). The 
origin and function of linear actin filaments are controversial. Linear actin filaments were 
speculated to originate from branch networks of actin filaments, as the removal of 
branched actin network compromised the formation of linear actin filaments (Korobova 
and Svitkina 2008). Other groups have found that active Arp2/3 complex captures linear 
actin filaments and forms branches on them, and linear actin filaments provide a base for 
branched network growth (Yang et al. 2007). Consistent with this notion, knock down of 
linear actin filament affected the formation of a network of actin filaments (Yang et al. 
2007). However, overexpression of formin caused severe actin defects, which can be 
suppressed by hyper activation of Arp2/3 (Gao and Bretscher 2008), an indication that 
the equilibrium exists between branched and unbranched actin filament dynamics. Dia 
belongs to the formin family and acts as nucleation and elongation factor of unbranched 
actin filaments. Mutant clone of Dia are hard to recover due to its essential role in 
cytokinesis. Therefore, Dia expression level was manipulated by RNAi.         












                         
 
 
                                     
                         
 Figure 2.15 Diaphanous affects border cell migration independent of its role in 
cytokinesis.  When the heat shock is induced at larval stage (middle panel), 
strong cytokinesis defects are detected, as demonstrated by the marked 
reduction of follicle cells surrounding  the oocyte. The number of border cells 
also decreases. Only two SLBO positive polar cells are seen at the anterior end 
of the egg chamber and do not migrate. If the heatshock is induced at adult 
stage and the females are dissected between 48-72 hours after heat shock (right 
panel), the egg chambers do not show cytokinesis defects. However, border 
cell migration is strong delayed, even though the number of border cells in the 
cluster is normal. 
 
When Dia level is reduced by AFG RNAi, border cells showed no migration or a 
severe migration delay (figure 2.7 D, E). The migration defect is stronger than that of 
Arp2/3 silencing border cells. Another striking phenotype is the reduction in the number 
of border cells. If Dia level is reduced at early oogenesis by heatshock in larval stage, the 
number of border cells at stage 9 decreased (0-3 compared to typical 6) (Figure 2.15). 
                                      Dia RNAi                     Dia RNAi 
     Control              (Larval heat shock)      (48 hr after AH) 




One explanation is that the Dia activity is required for fate determination of border cells. 
In order to investigate whether the cell specification is affected by the depletion of Dia, I 
detected the expression of SLBO in manipulated border cells, which is cell fate marker 
for border cells. With Dia RNAi, SLBO expression is normal in all border cells recruited 
around polar cells, an indication that Dia does not affect the border cell fate specification. 
Dia is first characterized for its role in cytokinesis (Castrillon and Wasserman, 1994). 
Cytokinesis defect is also observed in our RNAi experiment (figure 2.15). To uncouple 
its role in cytokinesis and border cell migration, egg chambers were examined at different 
time point after adult heat shock. Egg chambers dissected at 24 hours after the induction 
of heat shock did not give any border cell migration defect. Those egg chambers 
dissected out between 48 hr to 72 hr after heat shock recapitulated the migration defect 
without cytokinesis defect (n=32). While egg chambers dissected at 96 hours after heat 
shock give strong cytokinesis and border cell migration defects. Therefore, apart from 
role in cytokinesis, Dia also plays an important role in cell migration.   
            Similar to Arp2/3 complex, Dia also plays important role in initiation of migration. 
Analysis of time lapse imaging showed that if Dia is perturbed by slbo-Gal4 RNAi, 
depleted border cell migrate at a relative lower speed for both early and late phase 
compared to wild type control (Figure 2.13). The difference is significant (p<0.001).    





Figure 2.16 Dia exerts distinct function in early phase and late phase of the migration. 
Cell tracking showed Dia is important for cell motility in late phase of migration but 
does not contribute to motility at early phase. 8-14 single cells from different 
clusters were tracked and analyzed. A. Cell tracking analysis. B. Directionality of 
the migration decreased dramatically at early phase of the migration in Dia RNAi 
border cells, whereas there is only slightly but not significant decrease at late phase. 
 
          Cell tracking showed that Dia RNAi border cells have a comparable motility as 
wild type control at early phase. But the net movement speed is significantly lower than 
wild type control, an indication of defective invasiveness or guidance (Figure 2.16). 
    At late phase, the motility of Dia RNAi border cells decreased, and the difference is 
significant (p<0.02), suggesting an involvement in motility generation. Net migration 
speed of Dia RNAi border cells also decreased in contrast to wild type control (p<0.02). 
However, comparison of directionality revealed that though the directionality of Dia 
depleted border cells decreased slightly than wild type control, the difference is not 




significant (p=0.24). Therefore the reduction of movement rate was mainly attributed to 
the decease of motility rather than guidance defect at late phase.  
    In summary, Dia has different functions for early phase and late phase in border cell 
migration. Dia is required for proper invasiveness or guidance of cell motility at early 
phase but this is not the case for the late phase of migration. However, Dia contributes 
partial cell motility at late.   
     The features of cellular extensions were also investigated in Dia depleted border cells 
(figure 2.14).  When Dia is knocked down, the number of extensions slightly decreased at 
early phase. Most extensions formed at the front, demonstrating that the cluster polarity is 
still maintained.  At late phase of migration, the number of extensions in Dia silencing 
border cells decreased to half of the wild type control and comparable to that of Arp2/3 
depleted ones. Data indicated that Dia is also involved in the initiation of extensions. This 
result is consistent with the opinion that formins play an important role in initiating 
filament assembly, while Ena/VASP is more essential for organizing and controlling the 
rate of growth of barbed ends (Chesarone and Goode 2009).  Compared to those Arp2/3 
silenced border cells, Dia showed distinct effect on cellular extensions. At early phase, 
Dia depleted border cells form shorter and smaller extensions at early phase, while form 
larger ones at late phase. 
 
2.14 Arp2/3 does not affect E-cadherin adhesion 
        Border cells use E-cadherin to contact each other and substrate nurse cells. Either 
enhancing or decreasing the E-Cadherin level perturbs the normal migration 
(Niewiadomska et al. 1999). E-cadherin knockdown border cell clusters gave similar 




phenotype to Arp2/3 knockdown ones. Knocking down E-Cadherin by RNAi in border 
cells also caused inefficient initiation of migration and slow movement. Therefore it is 
tempting to investigate whether Arp2/3 and E-Cadherin are involved in the same 
pathway. It is known that one copy E-Cadherin is sufficient for normal adhesion junction 
formation in border cells. However, removal one copy of E-Cadherin sensitizes cells and 
causes them to be more sensitive to the perturbation on adhesion junctions. To test 
whether Arp2/3 complex is involved in the same pathway with E-Cadherin, Arp2/3 RNAi 
allele was crossed with E-Caherin loss-of-function allele of (shg
R69
). Results shows that 
reducing Arp2/3 level in E-Cadherin sensitized border cells did not aggravate the 
phenotype of Arp2/3 RNAi at both stage 9 and stage 10 (Figure 2.17), suggesting that 
Arp2/3 and E-Cadherin may play different roles in different pathways. Alternatively, 
Arp2/3 and E-Cadherin might be involved in the same pathway, but residual proteins of 











Figure 2.17 Quantification of Arp2/3 RNAi or Dia RNAi border cell migration 
while removing one copy of E-Cadherin. Removing one copy of E-
Cadherin while silencing Arp2/3 complex or Dia at the same time did not 




2.15 Arp2/3 is not required for internalization of membrane material 
      One of the central functions that have emerged for the Arp2/3 complex is to facilitate 
endocytosis (Engqvist-Goldstein and Drubin 2003; Perrais and Merrifield 2005; 
Kaksonen et al. 2006; Robertson et al. 2009).  
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Figure 2.18 Arp2/3 is not essential for internalization of FM4-64 in border cells.  The up 
panel shows the channel of FM4-64 (in red), while the lower shows the merged channel of FM4-
64 and GFP (in green). Arc-p34 RNAi border cells are GFP positive while wild type control is 
GFP negative. Arrows indicate FM4-64 containing vesicles.  
  
   To investigate whether Arp2/3 is also required for the endocytosis in border cells, the 
amphiphilic styryl dye FM4-64 was used to investigate internalization. FM4-64 was 
proved to be useful in examining endocytosis and vesicle trafficking in growing hyphae 
of a range of filamentous fungi (Penalva 2005; Lewis et al. 2009). Early stage 9 egg 
chambers are used in this examination for both control and Arp2/3 RNAi alleles. In 
control border cells, 6.4 min (n=7) after the addition of FM4-64, vesicle particle were 
visible in cytoplasm. There is no significant difference at appearance time of endocytotic 
particles between control and Arp2/3 components depleted border cells (6.7min, n=8). 
Fast movement of FM4-64 containing particles away from the site of formation was 
observed in both control and knock down border cells. As the egg chambers continued to 
take up FM4-64 more vesicles formed and were transported proximally to the nucleus. 
No difference was detected in terms of movement speed and accumulation pattern of 




FM4-64 vesicles between wild type and Arp2/3 depleted border cells. These results argue 


























3.1 FLP/FRT screen 
         In an attempt to identify new components important for border cell migration in 
Drosophila oogenesis, I screened 371 p-element insertion mutant lines, which have been 
combined with FRT. Integration of UAS-lacZ allows a fast X-gal staining assay under 
stereomicroscope.  The advantage is that screen can be done in F1 generation. The clone 
frequency is high due to the utilization of FLP/FRT system. The insertion position is easy 
to map by sequencing the flanking region of the p-element by inverse PCR. Use of lacZ 
marker makes the assay of border cell migration easy and fast, even for those lines in 
which mutant border cell clusters are rare. Shortcoming of this screen is that there are 
hotspots for p-element insertion. P-element mostly inserts at 5’ UTR. So screen is far 
from saturated by p-element insertional mutagenesis. FLP/FRT system depends on the 
homologous recombination of distal chromosome to FRT site; therefore clone generation 
efficacy is low for those mutations proximal to FRT site. Furthermore, immobilization of 
p-element will generate multiple insertions, which is demonstrated in FRT-l(2)SH1750. 
In this line, the original insertion site is mapped to the first exon of CG5885, but the 
immobilization of the p-element cause a second insertion affecting arc-p34.  
        In the current screen, mbm was isolated from mutant screen, which affects the 
germline. Mbm has not been further pursued due to its function in oogenesis patterning.  








3.2 Arp2/3 affects border cell migration in cell-autonomous and non cell-
autonomous patterns 
          Both somatic mutant clones and germline mutant clones showed border cell 
migration defect, suggesting that Arp2/3 affects border cell migration in cell-autonomous 
and non cell-autonomous patterns. Current models for cell migration suggest that there is 
an increase in actin polymerization at the cell front coupled with unbending of filaments 
against the cell membrane, which in turn provides the driving force for the protrusion 
formation in the direction of migration (Pollard and Borisy 2003). Actin filament 
dynamics driven lamellipodia formation is also crucial for cell motility in vitro (Insall 
and Machesky 2009). It has been widely accepted that Arp2/3 is the primary actin 
nucleator that mediate actin branched network dynamics at the leading edge of migrating 
cell. It is expected that loss-of-function for Arp2/3 in border cells affects their motility 
via perturbing the lamellipodia formation. How to interpret the non cell-autonomous 
function of Arp2/3 on border cell migration? Border cells use the nurse cell surface as the 
substrate on which they move forward, so the integrity of nurse cell membrane is critical 
for border cell to crawl on it. The cytoplasmic membrane undergoes a progressive 
destruction in Arc-p34 mutant germline cells. This result is consistent with previous 
report showing a similar multinucleate phenotype if SCAR or Arp2/3 complex is lost in 
germ cells (Zallen et al. 2002). Morphological defects in Arp2/3 mutant germline may 
extend to additional structures. For example, E-Cadherin mediates the border cell-nurse 
cell interaction and this adhesion junction is also important for border cell migration 
because reducing the adhesion junction between border cells and nurse cells delays 
border cell migration (Niewiadomska et al. 1999; Pacquelet and Rorth 2005). 





3.3 Both Arp2/3 and Dia are required for border cell to initiate migration  
       Mutant clone analysis and AFG RNAi experiments consistently showed that the 
Arp2/3 complex is required for initiation of border cell migration. In Arp2/3 disrupted 
border cells, long cellular extensions rarely form, which may lead to the failure of 
delamination (Fulga and Rorth 2002). Though slbo RNAi of Arc-p34 and SOP2 delayed 
the border cell migration at the same extent as that of AFG RNAi, less severe 
delamination defect was observed in slbo RNAi experiments. One simplest explanation is 
that RNAi driven by AFG is expressed earlier than driven by slbo. Besides the difference 
at the expression time, another major difference between AFG RNAi and slbo RNAi lies 
in that AFG is expressed in a larger range of follicle cells. It is therefore conceivable that 
Arp2/3 activity in the adjacent follicle cells might act in a non cell-autonomous fashion 
on border cell and delay its delamination from the surrounding epithelial cells. This 
notion is supported by the data from Arp2/3 MARCM clones. MARCM mutant border 
cell clusters failed to delaminate, and they are usually associated with mutant follicle 
cells. This non cell-autonomous effect of Arp2/3 complex has been reported in C. elegans 
gastrulation. In C. elegans, gastrulation is initiated by internalization of two epidermal 
progenitor cells (Roh-Johnson and Goldstein 2009). If Arp2/3 is depleted in 3 of 6 
surrounding cells, the internalization of the two progenitor cells failed, suggesting that the 
adjacent cells facilitate the internalization in an Arp2/3 dependent way (Roh-Johnson and 
Goldstein 2009). Non cell-autonomous effect of adjacent somatic follicle cells on border 
cell delamination has also been described (McDonald et al. 2008). Further experiments, 
for example generation of smaller AFG clones by carefully controlling the time point and 




duration of heat shock, may address this question. The development of genotypic marker 
differentiating border cells and surrounding follicle cells at early oogenesis stage is also 
useful.      
        RhoA was demonstrated in previous studies to be required for the initiation step and 
subsequent delamination and migration (Bastock and Strutt 2007). Myosin II activity is 
also required for the delamination of border cell cluster (Fulga and Rorth 2002). RhoA 
signals to ROCK and enhance Myosin II dependent contraction during cell migration. It 
was therefore postulated that RhoA mediated actomyosin contraction is important for the 
delamination of border cell cluster. Dia was suggested as downstream target of RhoA and 
mediated linear actin filament elongation. Clone analysis indicated that Dia is required 
for delamination of border cells during migration (Beccari 2003). Reduction of Dia 
impedes the delamination of border cells. Most likely, Dia is involved in the RhoA 
mediated actomysin contraction. Myosin II might interact with Dia elongated actin 
filaments to generate actomyosin contractility. 
 
3.4 Arp2/3 is required for cluster movement but not cell motility  
           The striking phenotype of Arp2/3 depleted border cells is that a considerable 
fraction of them don’t initiate the migration. A small proportion initiated the migration, 
but at a marked low rate.  The result suggests that in addition to the important role in 
migration initiation, Arp2/3 is also important for movement. Arp2/3 nucleated actin 
filament dynamics in lamellipodia provide the major pushing force in migrating cell in 
vitro (Pollard and Borisy 2003).  However, cell tracking analysis indicated that Arp2/3 
depleted border cells are motile, with a comparable rate as wild type border cells, 




whereas the net dislocation rate decreased dramatically, as well as the directionality. 
Border cell migration between nurse cells involves invasion. Decrease of directionality in 
affected border cell cluster implies impairment of the invasiveness or migration guidance. 
With loss of either invasiveness or guidance, individual cells move randomly without 
efficient invasion, leading to a tumbling behavior.  
        Dia affects border cell migration in a similar manner as Arp2/3 complex at early 
phase. Both affect directionality but not motility, suggesting that Arp2/3 and Dia might 
work together at early phase of the migration. However, Dia acts in a different way as 
Arp2/3. Dia also contributes partial cell motility at late phase, suggesting that Dia play 
additional role in late phase than early phase. 
 
3.5 Arp2/3 and Dia control protrusion formation 
        Both Arp2/3 and Dia are important for the formation of cellular protrusions. 
Reduction of protrusions may contribute to the migration defect in manipulated border 
cells. However, the protrusion defects observed in the knock downs were not completely   
penetrant. This could be due to the action of the residual protein activity in knock-down 
border cells. Alternative molecular mechanism also possibly contributes to formation of 
different protrusions. Loss-of-function border cells in SOP2 and SCAR MARCM clones 
form protrusions, supporting the existence of alternative mechanism. However, in the 
slbo RNAi experiments, the number of protrusions decreased at early phase but increased 
at late phase (Figure 2.14). The expression of slbo becomes stronger as egg chambers 
develop. There should be less residual Arp2/3 activity in late phase border cells than in 
early phase ones. If the cellular extensions come from residual Arp2/3 activity, there 




should be less extensions in border cells of late phase than in those of early, which is not 
the case. Rather, the data imply an alternative molecular mechanism responsible for the 
formation of some extensions, which are less important at early phase of migration but 
important at late phase. In the other words, some protrusions are likely Arp2/3 activity 
independent. In in vitro cell culture, studies have shown that Arp2/3 is essential for the 
lamellipodia formation. Depletion of Arp2/3 in fibroblast would abolish lamellipodia 
formation and hence inhibit the migration (Cai et al. 2005). Discrepancies might be due 
to different function for the Arp2/3 complex in different cell types. Arp3 knocking down 
by RNAi in mouse fibroblast does not inhibit lamellipodia formation (Di Nardo et al. 
2005). Arp2/3 complex is not required for neuronal growth cone translocation (Strasser et 
al. 2004).  Cancer metastasis may rely on Arp2/3 activity. Arp2/3 is up regulated in some 
tumor tissues and invasive cells. Arp2/3 localizes to invadopodia and is required for their 
formation. Morphologically, lamellipodia is big flat sheets with ‘fan’ shape, whereas, 
cellular protrusions in border cells are smaller narrower extensions with ‘taper’ shape. 
The morphological differences may be due to the distinct environment. Culture cells 
crawl over substrate while one side is attached to dish and the other sides are immersed in 
medium. Border cells move in 3D environment, and they need to squeeze themselves 
through complex extracellular matrix. Drosophila S2 cells adopt a discoid morphology 
when plated on glass coverslips coated with the lectin concanavalin A (con A). Actin 
cytoskeleton in spreading S2 cells is organized in three concentric zones: a dense 
peripheral actin network (∼1 μm wide), a second middle zone (4–6 μm wide) of lower 
actin density, and a third circular bundle of filaments surrounding the nucleus (Rogers et 
al. 2003). When p20 subunit of Arp2/3 is inactivated, S2 cells exhibit a morphological 




defect. Lamella rarely forms with the presence of tapered projections (Rogers et al. 
2003). It has been questioned that whether the protrusions in vivo is a real representation  
of lamellipodia in vitro (Di Nardo et al. 2005). Investigation on the nature of the 
cytoskeletal defects in Arp2/3 knock-down border cells may provide more envision on 
the physiological function of Arp2/3 in vivo. 
 
3.6 Arp2/3 complex is required differently for early phase and late phase of 
migration      
        Relative late expression profile of slbo allows examination of Arp2/3 depleted 
border cell at late phase. Arp2/3 activity compromised border cells migrate significantly 
slower than control ones at early phase, but move with a comparable rate to control 
border cells in late phase, suggesting that Arp2/3 is differentially required for early and 
late phase of migration. Arp2/3 activity was shown to be important for early migration 
but less important for late phase migration of migration.  
     Differential requirement for Arp2/3 is also implicated in the longitudinal migration of 
excretory canals in C. elegans, while the late part of the posterior migration is dependent 
on Arp2/3 complex, the first part migrate in a way independent of Arp2/3 complex 
(Schmidt et al. 2009), suggesting another mechanism independent of Arp2/3 complex 
driving the first part of outgrowth of the canal (Schmidt et al. 2009).  
      An interesting question here is whether this differential requirement is specific for 
Arp2/3 complex? 
       Border cell migration is guided by two RTKs signaling redundantly, PVR and EGFR 
(Duchek and Rorth 2001; Duchek et al. 2001).  Movie analysis on wild type border cells 




indicated that early phase is different from late phase migration in various features 
(Poukkula unpublished data). Further characterization of cellular function of PVR and 
EGFR indicates that PVR is dominant at early phase of migration while EGFR dominate 
late phase of migration. Overexpression of PVR will suppress the features of late phase 
migrating border cells, while overexpression of EGFR suppresses the features of early 
phase.      
        Rac is an important actin dynamics regulator involved in various developmental 
processes including border cell migration (Murphy and Montell 1996). Rac acts 
downstream of PVR and signals guidance input to Arp2/3 to regulate actin dynamics 
(Duchek and Rorth 2001). Is Rac activity also differentially dependent for the distinct 
phase of migration? Mbc (myoblast city, Drosophila DOCK180) acts as RacGEF to 
activate Rac. Elmo is a coactivator of Mbc.  Analysis of mosaic clones for Mbc and Elmo 
suggested that they are required for early phase migration but not required for late phase, 
which is demonstrated by the persistent back localization of mutant clone in contrast to 
the random position at late phase (Bianco et al. 2007). Movie analysis on Mbc and Elmo 
RNAi border cells showed that the migration speed decreased dramatically at early phase 
of migration but was comparable to that of control border cell clusters at late phase 
migration (Poukkula unpublished data), implying Rac activity is vital for early migration 
but less important for late. However, one caveat in manipulating the activity of Mbc is 
that Mbc also acts as GEF for other GTPases. Compromising Mbc may affect the 
activation other GTPases. The direct evidence came from a study of in vivo function of 
Rac in border cell migration using photoactivated Rac (PA-Rac) (Wang et al. 2010). 
Wang et al. found that polarized Rac activity is sufficient to direct the migration of border 




cell clusters. Rac activity promotes protrusion formation at illuminated cell and 
suppresses protrusion formation by adjacent border cells. However, in the middle one 
third of the travel path, border cell cluster is less responsive to polarized Rac activity than 
the anterior third migration. Additional guidance besides PVR and EGFR was therefore 
suggested.   
       SCAR functions downstream of Rac and is the primary regulator of Arp2/3-
dependent actin dynamics events in Drosophila, including oogenesis (Rogers et al. 2003). 
Rac activate the nucleation activity of Arp2/3 complex through SCAR. In this study, I 
have demonstrated that SCAR affect border cell migration in a same fashion as Arp2/3 
complex though to a lesser extent.  
      All these evidence strongly suggest that the differential dependence of border cell 
migration on Arp2/3 activity is not the complex specific. Rather, it is a reflection of 
differential reliance on the PVR signaling pathway composed of PVR, RAC, SCAR and 
Arp2/3 complex. Most likely there are two independent mechanisms underlying border 
cell migration. One pathway involves RTK-Rac-SCAR-Arp2/3 which dominates the first 
half migration. The alternative pathway is dominant at the second half migration. What is 
the alternative pathway which is complementary to PVR pathway? EGFR signaling is a 
good candidate. EGFR signaling directs border cell dorsal migration, and also contributes 
to posterior migration guidance redundantly with PVR signaling (Duchek and Rorth 
2001; Duchek et al. 2001). EGFR appears to work in a noncanonical pathway that is 
independent of PLCγ and PI 3-Kinase (Duchek and Rorth 2001). The downstream target 
of EGFR is still elusive. Vein is one of EGFR ligands secreted by Drosophila oocyte. 
Overexpression of Vein disrupts the chemoattractant gradient and impairs guidance of 




EGFR signaling (Duchek and Rorth 2001). Overexpression of PVR suppress the 
inhibition effect of Vein overexpression on border cell migration (Duchek et al. 2001), 
suggesting an antagonizing effect PVR on EGFR. Movie analysis on PVR and EGFR 
manipulated border cells also indicated that PVR is dominant in early phase of migration 
while EGFR dominates late phase (Poukkula et al., unpublished data).  All these data 
suggest the possibility that EGFR signaling acts as the alternative mechanism dominating 
the second half of the migration.  
          Analysis of Dia manipulated border cells indicated that in addition to a role in the 
initiation of cellular protrusions, Dia also contributes to cell motility at late phase of the 
migration. However, this activity was not detected in early phase of migration. Taken 
together with the data of Arp2/3, it is conceivable that border cells use different 
molecular mechanism for their early and late phase of migration. Directionality reflects 
the persistence of migration and hence guidance signaling. Lower directionality in Arp2/3 
and Dia depleted border cells suggests that the early phase of the migration is guided by a 
mechanism involving Arp2/3 and Dia activity. Alternative mechanisms independent of 
Arp2/3 and Dia are responsible for the late phase of the migration. This means either 
there are other actin assembly machineries or guidance independent of actin dynamics at 
late phase of migration. 
3.7 Physiological function of protrusions in border cells 
       Cellular extensions have been found in a variety of developmental processes (Rorth 
2003). But the function of extensions is poorly understood. Some suggestions are 
assumed from observations from various systems: (1) extensions mediate cell-cell 
interaction (2) extensions couple signaling with physical force (Fulga and Rorth 2002; 




Rorth 2003). As border cells navigate their environment, cellular extensions are thought 
to act as sensors of extracellular cues and have a role in guiding the migration (Fulga and 
Rorth 2002). However, though cellular protrusion is essential for initiation of border cell 
migration, it may not be critical for later migration, because live imaging shows that 
border cells migrating without protrusions are not unusual. Furthermore, Arp2/3 activity 
compromised border cells keep comparable cell motility though the number of 
protrusions decreased significantly. Therefore some protrusions seem not essential for 
cell motility. In my current study, when Arp2/3 is depleted from the border cells, both the 
migration speed and the number of extensions decreased markedly at early phase of the 
migration, suggesting a correlation between migration rate and Arp2/3 mediated 
protrusions. However, though the number of protrusions dramatically decreased also at 
late phase of the migration, the movement rate was comparable to that of control border 
cells. One explanation is that Arp2/3-dependent protrusion is less important for the 
migration in late phase than in early phase. Alternate explanation is that small amount of 
Arp2/3-dependent protrusions are sufficient for the migration in the late phase.  
        Though the leading cell in a border cell cluster always forms protrusion, other 
border cells in the cluster keep the capability to form extensions (Prasad and Montell 
2007). In this study, only outwards extensions were quantified. The data showed that 
Arp2/3 activity is important for the formation of this kind of outward protrusions. Fulga 
and Rorth suggest that one role of the protrusions is to grapple and pull the border cell 
forward (Fulga and Rorth 2002). It is conceivable that disruption of Arp2/3-dependent 
protrusion caused migration defect.  One question here is whether the depletion of Arp2/3 
components also affects the capability of extension formation?  A recent study shed light 




on the understanding of the role of this kind of inner cell protrusions. Silva and collegues 
demonstrated that WAVE/SCAR mediated actin dynamics is important for the formation 
of cell-cell and cell-matrix adhesion (Silva et al. 2009). Loss of WAVE mediated actin 
assembly disrupted the architecture of cells by destabilizing their adhesions. Thus, Silva 
et al. concluded that lamellipodia are important for the establishment of normal epithelial 
architecture and the protrusion was speculated to sense and establish contact with other 
cells (Silva et al. 2009). More and more evidence indicates that protrusions are important 
for maintaining the architecture of epithelial cells, especially in collective migration. 
Border cells form a compact cluster and move in a collective manner, in which individual 
cells contact and interact with each other actively. Precise regulation of E-Cadherin is 
important for normal migration because either increase or decrease E-Cadherin level 
between border cells or between border cell and nurse cells impairs their migration. 
Drosophila Jun N-terminal kinase (JNK) also controls the integrity of border cell cluster. 
If JNK activity is manipulated in border cell clusters, the cluster dissociates and their 
migration is impaired (Llense and Martin-Blanco 2008). E-cadherin is downregulated in 
JNK manipulated border cells and border cells disperse and form many actin-rich 
protrusions (Llense and Martin-Blanco 2008). When E-Cadherin and β-catenin 
expression are restored, the phenotype could be rescued (Llense and Martin-Blanco 2008; 
Melani et al. 2008).  Therefore the phenotype of loss-of-function of JNK is attributed to 
the loss of adhesion molecules. These observations are consistent with the notion that 
protrusions play important role in sensing and contacting, which is essential for the 
subsequent establishment of appropriate cell-cell contact.  Therefore, it is conceivable 
that the less efficient collective migration in Arp2/3 activity compromised border cell 




clusters might be attributed to the disrupted cell-cell contact.  Whether the cell-cell 
contacts are dependent on Arp2/3-dependent protrusions await further studies.   
3.8 Physiological function of actin dynamics in border cell migration 
       Rogers et al. systematically studied the role of Arp2/3 complex in the formation of 
lamellae in Drosophila S2 cells by RNAi silencing (Rogers et al. 2003). They showed 
that Arp2/3 colocalizes at the lamellae with dense actin filaments. In vitro studies showed 
that Arp2/3 nucleates actin filaments at lamellipodia. I hypothesized that Arp2/3 complex 
affects border cell migration by regulating actin polymerization. Consistent with this 
idea, border cell migration is inhibited if egg chambers are treated with 1.0 µM 
Cytochalasin D (Mikiko Inaki unpublished data), a drug that caps barbed end of F-actin 
and prevent actin polymerization. Border cells undergoing delamination failed to send out 
extensions and migrating border cells froze and ceased sending and retracting of 
extensions. Cytochalasin D treated egg chambers remain alive and follicle cells retract 
toward oocyte normally. Data here suggests that border cell migration is a good readout 
of actin dynamics. 
       An important mechanism for controlling cell polarization and migration involves 
increased actin polymerization at the leading edge of migrating cells. Studies on different 
cell types agree with the following model: local endocytosis or recycling of guidance 
receptors amplifies the intracellular response to guidance cues and contributes to the focal 
activation of cytoskeleton regulators such as Rac1. Asymmetric Rac activity is critical for 
direction sensing in vivo (Palamidessi et al. 2008; Wang et al. 2010). Furthermore, 
sensing and responding to the gradient also utilizes both positive and negative feedback 
loops to establish polarity. Cells are able to polarize in response to subtle chemoattractant 




gradient, even in uniform stimuli (Zigmond 1977). The question that needs to be 
addressed here is what is the role of local actin polymerization?  In polarized neutrophils, 
the asymmetric localization of PIP3 at the leading edge has been suggested to involve a 
positive feedback loop among PI 3-kinase, actin and Rac (Bourne and Weiner 2002; 
Wang et al. 2002; Weiner et al. 2002; Weiner et al. 2007). But this is not the case in 
Drosophila border cell migration, where the PI 3-kinase is not required for guidance of 
border cell migration (Duchek and Rorth 2001; Duchek et al. 2001). 
         Studies on chemotaxing neutrophils from Weiner lab (Weiner et al. 2007; Millius et 
al. 2009) may provide an alternate paradigm. Traveling waves of proteins such as 
SCAR/WAVE complex were observed both in chemotaxing neutrophils and fibroblasts. 
The traveling wave starts within the cell body and propagates outward (Weiner et al. 
2007). When the wave reaches the cell edge, they trigger actin polymerization and thus 
protrusion at leading edge. For neutrophils, the WAVE complex is required for motility 
and polarity, exhibits propagating waves generated through rapid sequential rounds of 
recruitment and release of the complex from the plasma membrane (Weiner et al. 2007). 
Several mechanisms may limit WAVE recruitment during polarization: intrinsic cues, 
asymmetric intracellular signals. External gradient cues can overcome both intrinsic bias 
and control WAVE complex localization (Millius et al. 2009). However, if treated with 
latrunculin, WAVE complex no longer polarizes, despite the presence of strong external 
gradient (Millius et al. 2009). Addition or removal of extracellular agonist caused Wave 
complex recruitment or release from membrane. Therefore actin polymerization and the 
WAVE complex reciprocally interact during polarization. The WAVE complex promotes 
actin assembly, and actin is in turn required for the removal of the complex from the 




membrane (Weiner et al. 2007). Active Rac was speculated as upstream regulator of 
WAVE, because it directly binds the WAVE complex and the complex is required for 
Rac-induced actin assembly (Pollard and Borisy 2003).  A Rac FRET biosensor revealed 
that Rac activity in chemotaxising neutrophils is more homogenous (Millius et al. 2009) 
than WVAE.  The role of active Rac was therefore speculated to define an allowable 
region for waves generation. The Arp2/3 complex and F-actin localize to the leading edge 
without gaps, possibly because Arp2/3 complex and actin polymer lags behind the waves 
(Millius et al. 2009). Interestingly, the wave stalls when it encountered a physical barrier 
that prevent membrane protrusion (Weiner et al. 2007). This behavior is consistent with 
the cell contact inhibition of protrusion formation (Theveneau et al. ; Theveneau et al. 
2010). The wave-like organization of protrusion has been observed in cells from flies to 
mammals (Dobereiner et al. 2006), the waves were therefore speculated to also occur in 
many other cell types and serve as a conserved mechanism for movement (Weiner et al. 
2007).  
        More and more evidence showed that the intracellular signaling is complex and 
much more than linear pathways (Machacek et al. 2009). Cross talks between different 
pathways as well as feedback loop play important roles in these signaling pathways.          
 
3.9 Arp2/3 and Dia act in different ways in border cell migration 
     Dia is a RhoA effector and affects border cell migration in the same manner as RhoA. 
Dia can bind to Profilin and promote actin polymerization. It was speculated that formins 
are responsible for nucleation and elongation of linear actin filaments. Dia affects early 
phase migration in a similar manner to the Arp2/3 complex, but they behave differently 




during the late phase. Arp2/3 depleted border cell move faster in late phase than in early 
phase, while Dia knock-down border cells displayed the opposite tendency (figure 2.13A).   
 Arp2/3 is a Rac downstream target while Dia is regulated by RhoA. Though both Rac 
and Rho regulate actin dynamics, they are supposed to play different roles in migrating 
cells. It has been thought that Rac promotes lamellipodia formation pushing the cell 
membrane forward, while Rho induces actomyosin traction to retract the rear of the cell. 
However, this view has been challenged. Real-time assays using biosensors for active 
Rho and Rac expressed in the same migrating mouse embryo fibroblast cell reveal co-
localization of the two at the front (Machacek et al. 2009).   Rho activation at the front 
precedes Rac and Cdc42 activation by approximately 40 seconds. Rho regulates 
actomyosin contractility through ROCK, but it can also promote actin polymerization 
through Dia. The assembly of linear actin filaments is required and may even precede 
Arp2/3 mediated branched actin networks. Actually, the relationship between branched 
actin network and linear actin filaments has been controversial. One opinion is that linear 
actin filaments are the leftovers of debranched actin network, or elongation by formins on 
the severed branched actin network. The opposing opinion is that linear filaments 
provides docking and branching site for Arp2/3 complex to initiate branching.  
     Yang et al. studied the role of mDia in filopodia formation in mouse melanoma cells. 
They unexpectedly found that mDia2 plays an important role in formation of lamellipodia, 
via nucleating and/or protecting from capping lamellipodial actin filaments (Yang et al. 
2007).   
      In the current study, I found that Dia was involved in cellular protrusion formation, in 
a similar fashion to the Arp2/3 complex. Knocking down Dia severely reduced 




lamellipodia formation. My results suggest that two different actin nucleators, Arp2/3 
complex and Dia, jointly contribute to the generation of lamellipodia. Co-depletion of 
Dia and Arp2/3 components would provide more evidence to address the question. The 
lamellipodial function of Dia contrasts with the current belief that lamellipodia merely 
consists of Arp2/3 complex mediated branched actin networks.  
     Although regulation of actin dynamics is the most straightforward way to explain how 
Dia may function in the formation of protrusions, other mDia2 activities, such as 
regulation of microtubule dynamics (Palazzo et al. 2001), membrane trafficking (Gasman 
et al. 2003; Wallar et al. 2007), surface blebbing (Eisenmann et al. 2007), or transcription 
(Copeland and Treisman 2002), might also contribute to the observed phenotypes.           
 
3.10 Mesenchymal movement and amoeboid movement 
      In current prevailing models for animal cell migration, the unbending of newly 
formed actin filaments underneath of membrane provides the pushing force for the 
protrusion formation (Pollard and Borisy 2003). In these models, actomyosin contraction 
is mainly involved in the retraction of the cell rear rather than actively participating in 
protrusion formation at the leading edge. This mechanism applies in vitro models for cell 
motility such as in fish epidermal keratocytes and fibroblasts as well as Dictyostelium 
cells. In Dictyostelium, asymmetric localization of PI3K instructs actin polymerization 
and pseudopodia formation at the leading edge. However, Dictyostelium cells with 
reduced PI3K are still able to sense directional cues (Hoeller and Kay 2007). It seems the 
cells use PI3K independent signaling pathways for sensing and chemotaxis. Depletion of 
PI3K in border cells has no effect on their ability to migrate in the correct direction 
(Duchek et al. 2001; Dumstrei et al. 2004; Bianco et al. 2007), suggesting PI3K is not 




essential for the migration. A reduction in Arp2/3 level clearly reduced cell polarization 
as reflected by the marked increase in the duration of tumbling movement. In this study, 
Arp2/3 knock down in border cells showed that Arp2/3 activity is important for the early 
phase of border cell migration but less important for the late phase, implying alternate 
mechanism is underlying the guidance of cell motility. I’d like to review and discuss a 
potential alternative mechanism here.  
   The idea that mammalian cells use alternative mechanisms to make protrusion 
besides actin assembly has been accepted. Individual cells invading a 3-D matrix seem to 
use a blebbing mechanism to move their leading edge. The protrusion formed resembles 
the blebs found in apoptosis. This movement was shown to be distinct from cell motility 
of other tumor cell lines that extended elongated, F-acin rich protrusions in a Rac-
dependent manner (Sahai and Marshall 2003). Blebbing is formed by the hydrostatic 
pressure generated by global contraction of myosin along the actin cytoskeleton. A 
membrane region becomes detached from the cortical actin network and protrudes, actin 
structures subsequently enter the bled and provide structure support. The blebs either 
retract with the help of actin structure, or move forward as pseudopodia. Lamellipodia 
driven movement mode is called mesenchymal mode and bleb driven one is called 
amoeboid mode. Mesenchymal motility is characterized as the involvement of Arp2/3 
complex and SCAR/WAVE, under the control of Rac, while amoeboid motility depends 
on myosin contractility, under the control of Rho. The differences between mesenchymal 
and amoeboid migration form an interesting area of cell biology. A screen of Rac 
activators has revealed that a pathway involving DOCK3, Rac and SCAR/WAVE 
promotes mesenchymal movement, while suppressing amoeboid motility (Sanz-Moreno 




et al. 2008). DOCKs are Rac guanine nucleotide exchange factors (RacGEFs). Pinner et 
al. postulated that ROCK activation could trigger a Rac GAP protein to inhibit Rac and 
promote amoeboid mode of movement. Cells can transit between these two modes of 
migration depending on the environment conditions. It seems that the two pathways are 
independent. Presence of two reciprocal inhibitory pathways offers guidance advantages 
for migrating cells. At one hand it makes sure the cell is guided by one cue at a time, 
avoiding guidance confusion. On the other hand, it makes sure the cell to migrate using 
alternative pathway if one pathway is blocked. Interconvertion between two pathways 
provides the migrating cell plasticity. 
  Dictyostelium cells exposed to uniform concentration of cAMP were shown to form 
blebs by cytoplasmic flow in a process that requires myosin II function (Langridge and 
Kay 2006). Similarly, hydrostatic pressure is thought to drive protrusion formation in 
Amoeba proteus (Yanai et al. 1996). Blebbing is also present in C. elegans. If Arp2/3 is 
knocked down in C. elegans embryos, blebbing on cells appeared (Severson et al. 2002).  
In Drosophila, the primordial germ cells (PGCs) migrate in a blebbing fashion (Sano et 
al. 2005).  
      Migrating zebrafish PGCs persistently oscillate between two modes of behavior; in 
one, they are polarized and extends protrusions primarily in the direction of their 
movement (a phase referred to as “run”), and in the other, polarization is lost and the cells 
remain on the spot as they extend protrusions in all direction (“tumbling” phase) 
(Reichman-Fried et al. 2004). Contraction of the acto-myosin network has been 
suggested to form pseudopod in migrating zebrafish PGCs (Blaser et al. 2006). In 
zebrafish embryos treated with the myosin II inhibitor, blebbistatin, the PGCs continued 




to extend filopodia but lost their ability to form pseudopods and consequently rounded up 
and stopped migrating (Blaser et al. 2006). Ectopic Rac activity promoted the conversion 
from amoeboid movement to mesenchymal movement and impaired the stereotypic 
migration (Palamidessi et al. 2008).   
          How are Rac-dependent movement and Rho-dependent movement regulated in 
chemotaxising cells? Kardash et al. investigated the roles of Rho GTPases by 
manipulating their activity and put forward a new model involving activities of both Rac 
and Rho at the leading edge. Rac promotes actin brush formation at the leading edge, 
which are coupled to neighboring cells through E-Cadherin. RhoA dependent retrograde 
flow of the actin brush provides forward cell motility (Kardash et al. 2010).  This 
mechanism could be responsible for a wide range of cell migration types. Data from other 
systems is consistent with this model. For example, RhoA is required for invagination of 
Drosophila embryonic salivary gland epithelia and for directed migration of the 
internalized gland (Xu et al. 2008). RhoA, ROCK1 and Myosin II all are required for 
normal border cell migration (Fulga and Rorth 2002; Beccari 2003; Bastock and Strutt 
2007). In addition, proper regulation of E-Cadherin is critical for border cell migration 
(Niewiadomska et al. 1999; Pacquelet and Rorth 2005). Previous models suggest that 
actomyosin contractility pulls the trailing edge of migrating cells forward. However, actin 
and Myosin II accumulation at front protrusions of migrating border cell cluster (Edwards 
and Kiehart 1996) argues for a mechanism regulating the migration, in which Rho 
activity participated in motility generation rather than retraction of the rear.  In Arc-p34 
MARCM border cell clones, the blebbing behavior is also observed (Figure 2.6D egg 
chamber at left). This blebbing behavior is also observed in both Arp2/3 subunits and 




SCAR RNAi border cells. The cause of the blebbing behavior in Arp2/3 activity 
compromised border cells has yet to be determined. One possibility is that disruption of 
Arp2/3 activity promotes the conversion from Arp2/3 dependent mesenchymal 
movement to Arp2/3 independent amoeboid movement. However, other possibilities 
have not been ruled out, such that hydrostatic pressure gives rise to the formation of blebs 
on some regions of cytoplasm membrane with disrupted cortical actin meshwork, whose 
integrity is highly dependent on the activity of Arp2/3 complex. 
         While some cell types rely primarily on actin polymerization for pseudopods 
protrusion, others exhibit, in addition, myosin II dependent formation of pseudopods.  It 
is conceivable, therefore, that both mechanisms cooperate during the migration process in 
various cell types.  Arp2/3-mediated de novo nucleation or branching of actin filament is 
a most recent mechanism proposed for regulating actin assembly at leading edge. Two 
distinct mechanisms underlying border cell migration highlights the richness of strategies 

























4.1 Fly husbandry 
       Flies were raised on standard Drosophila media corn meal agar. Crosses were set up 
at 25 ºC unless specified. Heat shock was conducted by submerging vials in a 37 ºC water 
bath for 1 hr. For larval heat shock scheme, larvae were heat shocked from second instar 
for 1 hour each day in 3 successive days. For adult heat shock, adult flies were heat shock 
for half an hour, then transferred to fresh fly food with yeast paste, then flip them every 
day in the following days until dissection at 2-2.5 days after heat shock treatment.  Two 
days before dissection, newly eclosed female flies were fed dry yeast and flipped on to 
yeast paste on the next day. 
      Dominant female sterile (DFS) mutant ovo
D
 is maintained as an attached stock: 
if/Cyo females crossed to ovo
D1
/if or Cyo males.  Germline clone is determined by the 
presence of vitellogenic egg chambers. 
4.2 X-Gal staining  
     Ovaries were dissected in ice-cold PBS and fixed with 0.5% glutaraldyhe for 15 
minutes.  After 3 times rinse with PBST (0.1% TritonX-100 in PBS), the ovaries were 
dissociated by pippeting. Then the dissociated egg chambers were incubated in X-gal 
(0.2%) containing staining buffer (10mM NaH2PO4/Na2HPO4 (PH7.2), 150mM NaCl, 




(CN)6], 0.3% Triton X-100) at 37ºC 
for 2 hours. After brief rinse with PBST, the egg chambers were mounted in mounting 
medium (80% Glycerol, 1% NPG in PBS). Egg chambers were examined under 
stereomicroscope and, the position of border cell clusters at stage 10 were quantified as 
percentage of the expected distance. 




4.3 Somatic mutant clone generation 
      The mutant stock were crossed to virgins of hsFLP, UAS-lacZ; FRT40, tub-
gal80/Cyo; slbo-Gal4/TM3, Ser and hsFLP, UAS-lacZ; FRT42, tub-gal80/Cyo; slbo-
Gal4/TM3, Ser in parallel experiments. Larval heatshock was conducted. New eclosed 
female flies with proper genotype were fed on yeast and ovaries were dissected from 2 
days old flies. Adult heatshock was performed in those unable to generate clone by larval 
heatshock,  
               
                                
Figure 4.1 Scheme of generation of mutant clone with labeled marker. Mutation is 
placed transheterozygous with cell marker. Those egg chambers that have lost 
cell marker in homologous recombination are homozygous mutant. 
Simultaneously, the other daughter cell inherits two copy of cell marker and form 
twin-spot clone.  
 
 




4.4 Germ line mutant clone generation 
      The virgins from mutant stock were crossed with males from hsFLP, slbo-lacZ; 
FRT40, OvoD/Cyo; slbo-Gal4/TM3, Ser and hsFLP, slbo-lacZ; FRT42, OvoD/Cyo; slbo-
Gal4/TM3, Ser. Larval heatshock was given from 2
nd
 instar. New eclosed female flies 
were fed on yeast and ovaries dissection was performed from 2 days old flies. 
    
          





 mutants) stop germ cells development at early oogenesis. In Flp/FRT 
screens, ovo
D
 is placed on the FRT chromosome arm that is to be selected against. 
Those egg chambers that have lost ovo
D
 in homologous recombination and are 
homozygous for the other FRT chromosome arm will survive, otherwise, ovo
D
 
block development of the germ cells. hs, heat shock; m, mutation; w, white gene. 
From (St Johnston 2002) 
 
 





    Ovaries were dissected in ice-cold PBS and subsequently fixed in 4% 
paraformaldehyde in PBS for 20 minutes. After 3 round of rinse with PBST, the fixed 
ovaries were dissociated by pippeting. The dissociated egg chambers were blocked in 5% 
normal goat serum (NGS) in PBXT for 1 hour. Then the egg chambers were incubated 
with primary antibody at 4 degree overnight on nutator. After 3 times (15 minutes each 
time) of wash with PBST, the egg chambers were blocked again with 5% NGS at room 
temperature for half an hour. Then they were incubated with secondary antibodies 
(1:200) for 2 hours at room temperature or over night at 4 degree. Phallodin (546nm) 
(1:200) and DAPI (1 µg/ml) were added together with secondary antibody if needed. 
Then egg chambers were washed 3 times (15 minutes each time) with PBST, and 
mounted in mounting medium. 
Primary antibodies used: Rat anti-SLBO; Rat anti-Ecadherin; Mouse anti-FasIII; Rabbit 
anti-Mbm is a gift from Thomas Raabe. 
Secondary antibodies used: Goat anti-rat coupled with FITC or TRITC or Cy5; 
                                            Goat anti-rabbit coupled with FITC or TRITC or Cy5; 
                                            Rabbit anti-mouse coupled with FITC or TRITC or Cy5. 
 Leica TCS SPE confocal microscope was used to examine immunofluorescence and to 
take images. 




4.6 Additional clonal analysis 
    Mutant clones were recovered four to five days after adult heat shock of the following 
genotypes: for Arc-p34, hsFLP/+; FRT40, Ubi-GFP/FRT40, Arc-p34
l(2)SH1750
; for SOP2, 
hsFLP/+; FRT40, Ubi-GFP/FRT40, SOP2
Q25 
and for SCAR, hsFLP/+; FRT40, Ubi-
GFP/FRT40, SCAR-37. The control was hsFLP/+; FRT40, Ubi-GFP/FRT40. Mixed 
mutant clones were recovered by adult heat shock of new eclosed female flies with the 
same genotypes. Ovary dissection was performed in two to three days after adult 
heatshock.  
4.7 MARCM clone generation 
    Mutant Stocks combined with FRT40 were crossed to virgins of hsFLP, UAS-
mCD8GFP; FRT40, Gal80/Cyo; tub-Gal4/TM6. Larvae were heatshocked 3 times from 
2
nd
 instar in 3 consecutive days. New eclosed female flies with proper genotype were fed 
on yeast and flipped once every day. Ovaries were dissected from 2 days old flies .  
4.8 Flipout Expression of UAS-driven Genetic Constructs 
        RNAi stocks combined with hsFLP were crossed to virgins of Actin>CD2>GAL4;; 
UAS-GFP. New eclosed female flies of proper genotype were heat shocked for 30 
minutes then were fed on yeast paste and flipped once every day. Heat-shock inducible 
FLP leads to stochastic “flip out” activation of GAL4 expression, activating UAS-driven 
expression of GFP and the inserted RNAi, allowing assessment of border cell migration. 
Ovaries were dissected at 48-72 hours after heat shock.   




         RNAi lines used: for Arc-p34, GD 45013, for SOP2, GD 42172, for SCAR, GD 
21908, for Dia, GD 20518. 
4.9 Preparation of egg chambers for live imaging 
     Egg chambers were cultured and imaged in poly-D-lysine coated Lab-Tek imaging 
chambers (Nunc, 155411) (Bianco et al. 2007). Imaging chambers were coated with 
0.1 mg ml-1 poly-d-lysine (Sigma, P-7405) at 37ºC for 2 hours, and then washed four 
times with water. 
      Females were taken three to four days after eclosion and were fed fresh yeast one day 
before dissection. Dissections were performed in Schneider’s medium (Gibco 21720) 
plus 5 μg ml-1 insulin (Sigma, 19278). Ovaries were removed from one to two females, 
washed in dissection medium, dissociated, and egg chambers of appropriate stages were 
removed from the muscle sheath using fine dissection pins. Appropriate egg chambers 
were washed in medium, moved to imaging chambers and overlaid with 200 μl imaging 
medium: Schneider’s medium plus 5% fetal calf serum (PAA, A15043), 5 μg ml-1 insulin, 
2 mg ml-1 trehalose (Fluka, 90208), 5 μM methoprene (Sigma, 33375), 1 μg ml-1 20-
hydroxyecdysone (Sigma, H5142), 50 ng ml-1 adenosine deaminase (Roche, 10258921) 
and 9 μM FM 4-64 (Molecular Probes-Invitrogen, T13320). 
Total dissection was finished in 15 min, and imaging was generally started 30 min after 
dissection. 




4.10 Confocal microscopy imaging 
Imaging was taken on a Leica SP5 inverted confocal microscope (Leica Instruments) 
with a ×63 water immersion objective. Three channels were acquired simultaneously: 
GFP (488 nm laser and 505–550 wave length filter), FM 4-64 (488 nm laser and 560 nm 
wave length filter) and transmission image (DIC). Egg chambers were aligned by rotating 
the imaging field with egg chamber anterior to the left and posterior right. Ten sections 
were taken 2 μm apart with 1 min interval between stacks. Several egg chambers were 
simultaneously imaged using a multi-time series macro (Leica AF).  
FM 4-64 was used as a membrane marker and as an indicator of damaged egg 
chambers. The DIC image was also used to assess the overall health of the egg chamber 
during imaging. Egg chambers in which border cells had clearly delaminated or were 
already migrating were chosen to image. Usual movies were set for 2 hours, though in the 
current setting egg chamber can survive several hours. 
The sections covering the migrating cluster were projected for each time-point, using 
the ImageJ software (Rasband 1997-2009; Abramoff et al. 2004). Following 
morphologies are considered to determine the egg chamber is health. Those unhealthy 
egg chambers were excluded from further analysis. 
a. Border cells are motile during migration. 
b. If border cell motility is abolished (this was not observed so far), the egg chamber 
keeps growing when imaging. 
c. Surrounding follicle cells retract continuously towards oocyte. 




d. FM4-64 staining is uniform, and there should be no increased uptake of the dye at one 
area than others. 
e. Nuclei of nurse cells are rotating and cytoplasm keeps streaming in nurse cells and 
oocyte. 
f. If slbo gal4, UAS-GFP is used, GFP signal becomes stronger and stronger gradually, 
due to the expression profile of slbo. At late stage 9, slbo starts to express in centripetal 
follicle cells, which will invade between nurse cells and oocyte to encapsulate oocyte. 
4.11 Determination of migration speed 
     As border-cell clusters move relatively little in the Z-plane, we tracked their 
approximate translocation rates in the X/Y axis only using the automated macro plugin 
(written by Dr. Adam Cliffe) for ImageJ. In the plugin, the center of mass of the border 
cell cluster is calculated for each time-point. The speed of the border cell migration was 
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